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THE  MEASUREMENT  OF  THERMAL  RADIATION  OF  C6o  CLUSTERS 

IN  A  FLOW 

A. A.  Agarkov,  A.A.  Vostrikov,  D.Yu.  Dubov,  V.A.  Galichin,  S.V.  Drozdov 

Institute  of  Thermophysics  SB  RAS, 

630090,  Novosibirsk,  Russia 

INTRODUCTION 

The  blowing  out  of  a  gas  flow  from  a  surface  is  one  of  the  possible  methods  to  change 
the  aerodynamic  characteristics  of  the  aircrafts  and  to  decrease  the  heat  flux  to  their  walls  [1]. 
During  this  process,  the  restructuring  of  supersonic  jet  occurs.  This  leads  to  the  formation  of  a 
detachment  flow  and  a  significant  decrease  in  the  resistance  of  streamlined  body.  An  active 
restructuring  of  the  incident  supersonic  jet  is  observed  when  the  fine  particles  are  in  this  jet 
[2].  The  efficiency  of  the  two-phase  flow  injection  depends  on  a  size  of  these  particles  and 
their  distribution  near  the  surface  of  streamlined  body.  Thus,  the  use  of  monodispersive 
particles  and  the  possibility  to  measure  their  spatial  distribution  in  the  supersonic  jet  near  the 
streamlined  body  are  of  a  particular  importance.  For  example,  in  [2]  authors  used  aluminium 
(AI2O3)  particles  with  a  size  from  50  to  100  pm,  but  their  distribution  was  not  measured. 

To  improve  the  aerodynamic  characteristics  of  supersonic  streamline  of  the  bodies  by 
means  of  blowing  out  frgm  them  of  a  gas  with  particles,  we  suggest  to  use  the  carbon  €50 
particles  which  are  called  fullerene  [3].  In  the  condensed  state  these  fullerenes  are  called 
fullerites.  While  heating  the  fullerite  of  €50,  it  evaporates  with  the  formation  of  vapor  of  Ceo 
molecules.  The  unique  property  of  fullerene  for  the  development  of  aerophysical  research 
methods  is  as  follows.  Molecules  of  €50  have  a  great  mass  and  they  are  resistant  to 
dissociation.  The  dissociation  of  gaseous  C60  becomes  notable  only  at  the  temperature  T  > 
3000  K  [4].  It  does  not  break  into  fragments  during  collision  with  a  surface  even  for  the 
kinetic  energy  of  200  eV  [5].  The  spatial  distribution  of  gaseous  molecules  of  C60  can  be 
easily  measured  with  the  help  of  standard  electrical-physical  and  optical  methods.  Our 
investigations  with  crossed  beams  of  €50  and  electrons  show  that  particles  of  Ceo  have  a  large 
cross-sections  for  the  electron  capture  with  the  formation  of  stable  ions  of  Ceo  [6]  and  for  the 
molecule  ionization  yielding  ions  of  Ceo^  [7].  Due  to  the  high  number  and  density  of  internal 
degrees  of  freedom,  Ceo  excitation  is  accompanied  by  rapid  heating  of  molecule.  The  heating 
of  these  molecules  is  not  depending  on  the  excitation  method.  For  instance,  the  Ceo  molecule 
is  efficiently  heated  by  an  electron  impact  and  by  the  collision  with  a  surface  [8,  9].  The  use 
of  Ceo  fiillerene  for  the  aerodynamic  investigations  allows  one  to  trace -the  streamlines  pattern 
for  the  transition  from  the  atomic  particles  injection  to  the  injection  of  heavy  particles. 

In  the  current  paper  we  studied  the  radiation  properties  of  the  gaseous  C60  molecule 
excited  by  an  electron  impact,  in  terms  of  C60  using  as  a  main  or  probe  component  for  the 
aerodynamic  investigations.  The  revealed  thermal  radiation  of  C60  described  by  Plank  s  law 
for  radiation  of  absolute  black  body,  and  the  effect  of  electron’s  thermal  emission  during  the 
C60  heating,  gives  us  an  opportunity  to  measure  the  spatial  distribution  of  C60  molecules 
during  the  body  streamline  in  a  supersonic  gas  flow. 

EXPERIMENTAL  TECHNIQUE 

In  short,  molecular  beam  experimental  arrangement  was  the  following.  The  C60  vapor 
was  allowed  to  effuse  out  of  a  cylinder  oven  containing  a  fullerene  sample.  The  sample 
temperature,  To,  was  800  K.  The  electron  beam  from  an  oxide-coated  cathode  was  collimated 
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Wave  length,  run 
Fig.  1 


For  comparison  Fig.  1  presents  also  the  black  body  radiation  spectrum  with  temperature  T  = 
3341  K  (dashed  curve).  Notice  that  the  Ceo  radiation  spectrum  agrees  well  with  the  black  body 
radiation. 
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Electric  field,  V/cm 
Fig.  2 

Figure  2  (curve  1,2)  shows  the  intensity  of  total  radiation  depending  on  the  strength 
and  polarity  of  electric  field  ^  between  plates.  These  curves  were  obtained  at  Ec  =  40  (curve  1) 
and  65  eV  (curve  2).  Here  is  also  shown  the  residence  time,  t,  of  ion  in  the  detection 
region  versus  ^  (solid  line).  This  time  has  been  calculated  for  the  ion  formed  at  the  centre  of 
the  electron  beam  with  the  vector  of  initial  thermal  velocity  of  C6o  directed  at  the  angle  of  40® 
to  the  optical  system  axis.  In  Fig.2  one  can  see  that  the  ions  contribute  mainly  to  the  radiation 
intensity. 
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by  a  set  of  diaphragms  and  crossed  at  right  angles  with  the  fiillerene  beam.  In  the  course  of 
our  experiments  the  electron  energy  ranges  from  0  to  100  eV  and  the  electron  current  was  not 
larger  than  100  pA.  The  radiation  from  the  beams  crossing  region  was  collected  in  a  direction 
normal  to  the  electron  beam;  the  angle  with  the  molecular  beam  direction  was  about  40®.  With 
the  short-focal  lens  the  radiation  was  focused  onto  the  input  slit  of  a  MUM  grating 
monochromator  (the  working  wavelength  range  was  200  -  800  nm,  inverse  dispersion  3.2 
nm/mm)  and  after  spectral  decomposition  it  was  recorded  with  a  photomultiplier  (PM).  The 
system  of  the  radiation  registration  and  the  electron  beam  collimation  of  the  longitudinal 
magnetic  field  precluded  the  cathodoluminescence.  The  electron  beam  was  modulated  by 
applying  a  negative  potential  to  one  of  the  diaphragms,  and  the  signal  from  PM  was  measured 
in  a  lock-in  mode.  In  this  scheme  was  recorded  the  background  gas  radiation.  At  the 
registration  of  background  gas  radiation  the  output  of  effusion  source  (beam  of  C6o)  was 
closed  by  electromagnetic  shutter.  Each  of  experimental  point  was  measured  at  open  and 
closed  shutter.  The  Ceo  radiation  was  recorded  as  a  difference  between  total  and  background 
signals. 

In  order  to  separate  the  contribution  to  the  radiation  from  neutral  €50*  and  C6o^,  we 
applied  electric  field  to  the  two  plates  placed  along  the  axes  of  molecular  and  electron  beam. 
Tlie  distance  between  the  plates  was  10  mm  and  they  were  equidistant  from  the  electron 
beam.  The  residence  time  of  ions  in  the  observation  region  was  reduced  with  increasing 
voltage.  Our  system  parameters  were  checked  in  the  measurements  of  electron-induced 
radiation  of  N2'^  (BzS^)  ion  and  N2  (C^flu)  molecule  depending  on  the  electron  energy  Eg.  For 
this  purpose  the  Ceo  beam  was  closed  by  shutter  and  the  vacuum  chamber  was  filled  of 
nitrogen  to  pressure  2-10’^  Torr. 


RESULTS 

In  Fig.l  the  result  of  Ceo  electron-induced  radiation  measurement  was  shown  for  Ee  = 
66  eV.  The  radiation  spectrum  (curve  2)  was  obtained  as  the  difference  of  the  total  PM  signal 
(curve  1)  and  the  radiation  of  the  background  gas  (curve  3),  normalized  to  the  total  spectral 
sensitivity  of  the  detecting  system.  One  can  see  the  spectrum  from  a  beam  of  fiillerene  has 
quasicontinuous  character  (within  the  spectral  resolution). 

In  view  of  the  large  number  of  radiating  modes,  the  form  of  the  spectrum  is 
determined  rather  by  internal  temperature  of  molecule  than  by  a  structure  of  the  vibrational 
levels.  Therefore  it  is  of  interest  to  compare  this  spectrum  with  the  Planck  spectrum  of 
radiation  of  a  black  body  with  some  temperature  T.  The  rate  of  photon  emission  from  a  heated 
ball  in  the  recorded  wavelength  region,  [X,  X  +  AX[^  is 

Kx,  ^  2ncSAX£(X,T)  /  X\tx^{hc/XkT)  - 1],  (1) 

here  S  =  Anxf'  is  the  surface  area,  d  is  the  diameter  of  the  €50  ball,  d^X,  T)  is  the  emissivity  (i.e. 
the  blackness  coefficient  of  a  body).  Assuming  that  at  d  «  X  this  coefficient  should  be  < 
d/X  [10],  we  shall  set  s=d/X,  i.e.,  the  dependence  of  £(T)  can  be  neglected.  It  gives  us  for  our 
spectral  region  (where  the  photon  energy  is  much  greater  than  kT) 

Kx(X,  T)  ~  X~^  exp  i-hc/XkT),  (2) 

i.e.,  the  radiation  depends  very  strongly  on  temperature. 
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The  total  intensity  of  electron-induced  radiation  as  a  function  of  electron  energy,  I(Ee), 
is  shown  in  Fig.3  (curves  1-3).  Here  curve  1  was  measured  at  extracting  field  ^  =  12  V/cm, 
i.e.  it  corresponds  to  the  radiation  of  the  neutral  molecules  €50* .  Curve  2  corresponds  to  the 
total  radiation  of  Ceo^  and  C6o'*‘  (?  =  0  V/cm).  Curve  3  is  the  intensity  radiation  of  C6o^  and 
C60*  for  X  ~  540  nm. 

In  Fig.3  the  temperature  of  radiating  particles  depending  on  the  electron  energy  is  also 
given.  This  dependence  was  received  from  measurements  of  I(Ee)  for  different  wavelengths 
(from  450  to  700  nm)  and  least-squares-fitting  of  the  data  according  to  the  formula  (2).  The 
corresponding  internal  energy  of  radiating  particle  has  been  calculated  with  the  help  of  the 
thermal  capacity  data  for  neutral  molecules  Ceo  [9]. 

In  Fig.3  one  can  see  that  initially  the  dependence  T(Ec)  increases  proportionally  with 
Ee,  but  at  Ec  =  50  eV  it  reaches  the  limiting  value,  T  =  3000  ±  100  K.  The  existence  of  the 
limiting  value  T  is  explained  by  the  competition  between  the  radiative  cooling  of  electron- 
heated  particle  and  other  cooling  processes,  such  as  the  fragmentation,  thermionic  emission 
[1 1,12]  and  dissociative  ionization  [13]. 


Electron  energy,  eV 


Fig.  3 


The  results  of  performed  investigations  showed  that  the  density  of  fullerene  particle 
C60  may  be  register  uncontactly  by  optical  methods  in  broad  wavelength  range  at  very  low 
partial  density  (10‘®  molecule/cm^).  The  maximum  value  of  Cfio  radiation  intensity  was 
reached  at  the  electron  energy  Ec=60  eV  and  remained  essentially  constant  with  further 
increasing  of  the  electron  energy.  Considering  also  the  experience  of  electron  beam  using  for 
density  measurements  in  hypersonic  boundary  layer  [14]  it  may  be  concluded  that  the 
fullerene  particles  in  gas  phase  may  be  exploited  as  sample  particle  or  basic  components  in 
aerodynamical  studies  of  particle  blovving  effect  on  aerodynamical  and  thermal 
characteristics. 


This  work  was  supported  by  the  Russian  Foundation  for  Basic  Researches  (RFBR) 
grant  Jfo  97-02-18510  and  by  the  State  Committee  for  Higher  Education  of  Russia  -  grant  K2 
95-0-5.3-184. 
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INVESTIGATION  OF  PRESSURE  PULSE  PROPAGATION  IN  SATURATED 
POROUS  SAMPLE  AND  THEIR  EFFECT  ON  PHASE  PERMEABILITY 

A.T.  Akhmetov,  A.A.  Gubaidullin,  O.Yu.  Kuchugurina,  D.N.  Dudko 


Tyumen  Branch  of  Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS, 
Taymirskaya  St.74,  Tyumen,  625000  Russia 


INTRODUCTION 

During  shock  wave  propagation  from  liquid  to  saturated  porous  medium,  complex  wave 
configuration  may  form  in  the  medium.  At  that  wave  action  on  the  process  of  multiphase 
filtration  may  have  effect  on  permeabilities  of  phases.  To  determine  the  effect,  the  experiments 
on  vertical  shock  tube  were  carried  out.  Air-saturated  core  with  isolated  lateral  sides  was 
placed  on  the  bottom  of  the  tube.  Liquid  was  filtered  through  sample  from  top  to  bottom  at 
pressure  difference  of  10  kPa.  On  transition  to  a  steady  filtration,  liquid  was  loaded  by  pulse 
shock  action,  and  it  caused  short-time  (5-10  minutes)  increase  of  flow  rate  to  20-30  %.  To 
clear  the  mechanism  of  wave  action,  the  experiments  with  transparent  plane  micromodel  of 
porous  medium  were  made  with  use  of  analogous  method.  It  was  established  that  jammed  gas 
bubbles  are  displaced  from  restrictions  of  porous  medium  at  a  moment  of  shock  action; 
therefore  rate  flow  increases  as  long  as  new  bubbles  fill  the  restrictions. 

It  should  be  pointed  that  practical  interest  for  these  problems  gave  rise  to  a  number  of 
papers  on  application  of  vibroaction  in  oil  recovery  [1]  and  use  of  effect  of  shock  waves  on 
bottom  zone  of  well  [2]. 

Numerical  research  of  process  of  pressure  pulse  propagation  from  liquid  to  saturated 
porous  inedium  was  carried  out.  The  features  of  wave  passage  through  interface  and  wave 
propagation  in  porous  medium. 


MATHEMATICAL  MODEL 

The  closed  set  of  equations  governing  plane  one-dimensional  motion  of  saturated  porous 
medium  is  in  the  form  [3,  4]: 
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at 

dv2 

dx 

=  0, 

Vi 
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a  px 

dx 

d  Gy* 
dx 
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'  dx) 
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Pi  PlO  -  Q  {p\  Pio).  P2  -  P2Q  -^2  (p^  -  <^2*  =  «2  {Pl  -  P2) 

Pi  =  Ui  Pi  ,  P2~^2f^y  CTj  +  £^2  =  1 
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F  =  Pti+Pm,  E-f=PioDif,  E.^=/>2cDI, 

-2  /  \  T-  1  0  f  ^ 

Fm  =  %  "2  “1  “2  Ml  (v,  -Vj),  F„  =-t]„  a,  02  A 

Here  Uj,  Pi,  pf  ,Vf  are  volume  fraction,  effective  and  true  densities  and  velocity  of  /- 
phase.  Subscripts  /  =  1,  2  refers  to  parameters  of  liquid  and  solid  phase;  pi  is  pressure  of 
liquid,  ^2*,  fi2*  longitudinal  stress  and  strain;  Dy, ,  Z)g*  are  longitudinal  dynamic  and 
static  sound  speeds;  are  dynamic  and  static  elastic  moduli.  Force  of  phase 

interaction  F  is  a  sum  of  force  of  viscous  friction  and  associated  mass  force  F^,  77^  and 
77^  are  coefficients  of  viscous  and  inertial  phase  interaction,  is  dynamic  viscosity  of  liquid, 
^2  is  radius  of  grains  of  skeleton  of  porous  medium. 

In  numerical  experiments  the  procedure  based  on  differential  scheme  of  through  count 
[4]  has  been  used.  The  conditions  of  continuity  of  stress  and  velocity  are  to  be  valid  at  the 
interface  “liquid  -  saturated  porous  medium”.  It  follows  from  the  analysis  that  the  procedure 
ensures  validity  of  the  conditions  at  the  interface.  It  should  be  noted  that  no  special  algorithm 
has  been  used  for  interface  because  interface  has  no  time  to  spread  during  such  short-time 
processes. 


RESULTS  OF  NUMERICAL  MODELING 

Propagation  of  step-type  and  pulse  compression  waves  from  liquid  to  liquid-saturated 
porous  medium  and  their  evolution  in  the  medium  was  studied.  The  numerical  results  showed 
that  on  entering  the  more  dense  medium,  perturbation  increases  and  develops  a  two-wave 
appearence,  that  is,  the  passed  wave  is  a  sum  of  fast  (deformational)  and  slow  (filtrational) 
waves.  In  the  fast  mode  velocities  of  liquid  and  skeleton  are  close  together  and  have  the  same 
directions,  velocity  of  liquid  is  some  greater  that  that  of  solid.  In  the  slow  mode  velocities  of 
phases  are  opposite  in  sign;  at  that  liquid  has  positive  velocity  and  is  compressed  while 
skeleton  has  negative  velocity  and  is  rarefied.  Slow  wave  damps  strongly,  fast  wave  damps  less 
intensively.  Total  stress  is  of  one-wave  structure  because  in  slow  mode  liquid  is  compressed 
and  skeleton  is  rarefied  with  the  same  amplitudes,  hence  there  is  no  total  stress  in  slow  wave. 

To  estimate  effect  of  phase  interaction  on  the  processes,  calculations  without  account  for 
interaction  forces  (at  F=0)  were  made.  As  follows  from  the  calculations,  interaction  forces 
result  in  considerable  deceleration  and  attenuation  of  slow  wave.  Attenuation  of  fast  wave  is 
determined  by  intergranular  friction  in  skeleton.  Without  account  for  interphase  forces  and 
intergranular  friction  both  fast  and  slow  waves  propagate  without  dispersion  and  dissipation, 
that  is,  they  hold  their  form.  The  latter  is  in  agreement  with  the  results  of  analysis  of  dispersion 
relation.  Note  that  decrease  of  longitudinal  dynamic  sound  speed  D* y  results  in  decrease  of 

acoustic  rigidity  of  porous  medium  and  decrease  of  amplitude  of  slow  waves,  at  that  in  fast 
wave  amplitude  in  skeleton  decreases  but  in  liquid  increases.  Increase  of  porosity  results  in 
decrease  of  speed  and  amplitude  of  fast  wave  as  well  as  increase  of  speed  and  decrease  of 
amplitude  of  slow  wave.  Steepness  of  waves  does  not  vary.  When  intensity  of  incident  wave 
growing,  intensity  of  fast  wave  relative  to  intensity  of  incident  wave  does  not  vary  practically, 
and  that  of  slow  wave  non-monotonously  varies  (first  incsreases  and  then  decreases). 
Steepness  of  slow  wave  decreases. 
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Q, -10'^  kg/s 


Fig.  1 .  Flow  rate  of  water  filtering  through  core  at  constant  pressure  difference 
of  10  kPa.  Moments  of  shock  action  are  showed  with  dashed  lines 


EXPERIMENTAL  RESULTS 

Experimental  investigations  were  carried  out  on  shock  tube  with  a  provision  for 
measurement  of  core  porosity  and  on  plane  transparent  micromodel  of  porous  structure  which 
allows  generation  of  pulse  action  on  saturating  phase. 

Vertical  shock  tube  consisted  of  sections  with  inner  diameter  of  90  mm,  there  were  one 
starting  and  two  registering  piezoelectric  transducers  in  the  measuring  section.  Pressure 
proliles  were  recorded  by  two-beam  oscillograph,  the  signal  of  oscillograph  was  worked  with 
use  of  computer.  Real  core  (27  mm  in  diameter  and  37  mm  in  length)  of  oil-saturated  rocks 
was  used  as  working  porous  sample.  It  was  fixed  at  the  lower  part  of  measuring  section. 
Lateral  sides  were  isolated  with  resin,  fitrational  flow  was  upward  or  downward  vertically 
directed  according  to  the  given  conditions. 

In  the  experiments  core  was  dried  beforehand  under  vacuum,  then  was  saturated  with  air 
and  placed  at  the  bottom  of  shock  tube.  Then  tube  was  carefully  filled  with  water  up  to  a 
height  of  1  m  above  core  surface,  and  so  process  of  liquid  filtration  through  gas-saturated  core 
was  initiated. 

To  make  pulse  effect,  the  rod  of  a  cylindrical  pistone  was  struck.  After  a  shock  a  pistone 
turned  back  to  its  initial  position  near  surface  of  liquid  and  stayed  there  in  stressed  state.  Pulse 
propagated  in  liquid  downwards  and  its  parameters  were  recorded  by  piezoelectric  transducers 
in  the  registering  section.  The  pulse  had  the  shape  of  bell,  0.5  MPa  in  amplitude  and  3  ms  in 
duration.  After  shock  action  flow  rate  through  core  was  increased  but  it  returned  to  its  initial 
value  in  5-10  minutes  (see  fig.  1). 

The  curves  in  fig.  1  were  constructed  by  V.L.  Nedochyotov  by  the  way  of  working  of 
experimental  data  with  the  method  of  trend-interpolation. 


10 


Fig.2.  Influence  of  pressure  waves  on  motion  of  remained  gas  bubbles  through 
restrictions  of  pores 


To  gain  greater  insight  into  why  phase  permeability  increases  for  some  time  during  shock 
action,  the  experiments  on  plane  micromodel  of  porous  structure  were  performed.  The  porous 
model  was  made  with  photolithography  method,  it  represented  pore  structure  of  real  core  with 
pore  channels  of  23  jim  in  depth,  from  6  to  100  pm  in  width.  Pulses  were  initiated  by  shocks 
upon  elastic  tube  which  conducted  water  to  the  model.  Motion  of  water  in  pores  was 
registered  with  use  of  microscope. 

The  scheme  of  experiment  was  analogous  to  the  previous  one:  water  was  filtered 
through  porous  sample  saturated  with  air.  Remained  air  bubbles  collected  before  restrictions  of 
pore  channels  and  stayed  there  in  spite  of  great  pressure  difference.  In  a  situation  shown  in 
fig.2,  pressure  gradient  is  2  MPa/m,  air  bubble  is  flowed  around  by  liquid,  but  capillary  force 
between  bubble  and  solid  and  force  of  surface  tension  allowed  it  to  stay  in  rest.  Series  of  pulses 
in  liquid  phase  pushed  bubble  through  restriction.  After  the  first  pulse  it  displaced  by  5  pm. 

The  above  illustration  of  influence  of  shock  pulses  on  mobility  of  remained  gas  bubbles 
allows  an  understanding  of  the  short-time  increasing  of  phase  permeability  of  core  after  series 
of  shock  actions.  During  shock  action  remained  gas  phase  is  pushed  through  restrictions  and  so 
hydraulic  resistence  to  motion  of  carrying  phase  decreases.  Then  phase  permeability  returned 
to  its  previous  value  as  bubbles. 


CONCLUSION 

When  pressure  wave  propagating  from  liquid  to  liquid-saturated  porous  medium,  it 
amplifies  and  devides  into  two  waves,  that  are  fast  and  slow  modes.  In  the  fast  mode  both 
liquid  and  skeleton  are  copressed,  their  velocities  are  close  together  and  have  the  same 
directions.  In  the  slow  mode  velocities  of  phases  are  opposite  in  sign;  at  that  liquid  has  positive 
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velocity  and  is  compressed  while  skeleton  has  negative  velocity  and  is  rarefied.  Amplitude  of 
fast  wave  is  greater  than  that  of  slow  wave.  Slow  wave  damps  strongly  because  of  interaction 
forces  between  phases.  Increase  of  porosity  results  in  decrease  of  speed  and  amplitude  of  fast 
wave  as  well  as  increase  of  speed  and  decrease  of  amplitude  of  slow  wave.  Steepness  of  waves 
does  not  vary.  When  intensity  of  incident  wave  growing,  intensity  of  fast  wave  relative  to 
intensity  of  incident  wave  does  not  vary  practically,  and  that  of  slow  wave  non-monotonously 
varies  (first  incsreases  and  then  decreases).  Steepness  of  slow  wave  decreases. 

The  experimental  investigations  on  action  of  pressure  pulses  on  water-and-air-saturated 
core  allowed  to  find  the  effect  of  short-time  increase  of  phase  permeability  after  the  pulse 
action  and  to  explain  it  qualitatively  by  illistration  of  motion  of  the  remained  gas  phase  in 
pores  of  micromodel  at  pressure  pulse  action. 
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AEROACOUSTIC  RESONANCE  AND  COUPLED  PHENOMENA  IN  FLOWS 
WITH  COHERENT  STRUCTURES 

S.P.  Bardakhanov,  O.V.  Belay 
Institute  of  Theoretical  and  Applied  Mechanics 
Siberian  Division  of  Russian  Academy  of  Sciences 
Novosibirsk,  RUSSIA,  630090 

The  boundary  layer  has  been  a  subject  of  investigation  since  the  beginning  of  the  XXth 
century  because  it  does  constitute  in  significant  extent  forces  affecting  a  body  placed  to  a  stream 
of  liquid  or  gas.  Conditions  in  which  the  boundary  layer  detaches  the  surface  of  the  body  can 
change  the  drag  catastrophically  -  from  extremely  small  value  in  a  flow  without  separation  over 
an  airfoil  to  quite  large  one  when  global  separation  occurs.  If  flowed  body  is  bluff,  then,  with  the 
Reynolds  number  getting  great  enough,  unsteady  flow  regime  set  in.  The  flow  pattern  is 
constituted  in  this  case  by  interaction  between  vortical  disturbances  of  boundary  layer  and 
acoustical  disturbances  of  external  flow.  Vortical-acoustical  interaction  consists  of  the  receptivity 
of  the  boundary  layer  (and,  in  particular,  of  the  separation  region)  [1]  and  of  the  sound 
generation  by  separating  boundary  layer.  To  comprehend  the  mechamsm  of  this  interaction,  it  is 
necessary  to  study  the  wake  flow  past  the  body,  where  disturbances  develop  introduced  by 
sound  in  the  separation  region. 

Turbulent  wake  behind  bluff  bodies  contains  large-scale  regular  structures  resulting 
from  interaction  between  vortical  disturbances  of  the  boundary  layer  and  external  flow,  when  the 
boundary  layer  separates  from  the  trailing  edge  of  the  body.  These  structures,  which  can  be 
called  as  «coherenb>,  shed  alternately  from  one  side  and  from  the  other,  fonmng  an  almost 
periodical  sequence.  The  general  flow  pattern  for  the  semicircular  trailing  edge  is  presented  in 
figure  1. 


Boundary 


Acoustic  waves  with 
frequency  / 


structures 


Separation  region  of  the 
boundary  layer 

figure  1.  Row  pattern  near  the  trailing  edge. 

The  interaction  of  the  vortical  disturbances  with  the  disturbances  of  the  external  flow  can 
lead  in  favorable  conditions  to  appearance  of  the  aeroacoustic  resonance  [2].  The  objective  of 
this  work  was  the  study  of  the  possibilities  of  flow  control  in  resonance  regime.  Both  «passive>> 
(throng  changes  of  geometrical  parameters)  and  «active»  (by  applying  external  disturbances) 
kinds  of  control  are  considered.  The  delimitation  on  «active»  and  «passive»  methods  is 
conventional  to  a  significant  extent  -  our  study  deals  with  the  cases  where  the  sound  generator  is 
the  flow  itself,  but  this  sound  can  be  considered  as  external  in  some  sense,  with  the  different 
parts  of  flow  generating  sound  «almost  independently ». 


©  S.P.  Bardakhanov,  O.V.  Belay,  1998 
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Experimental  setup 

The  experiments  were  carried  out  in  the  subsonic  closed-circuit  wind  tunnel  MT-324 
with  a  closed  working  §ection  of  square  cross-section,  0.2  x  0.2  m  with  the  length  0.8  m  at  the 
Institute  of  Theoretical  and  Applied  Mechanics  of  Siberian  Division  of  Russian  Academy  of 
Sciences.  Following  experimental  models  were  used:  rectangular  flat  plate  200  mm  length  and  8 
mm  thick;  rectangular  flat  plate  300  mm  length,  40  mm  thick;  «sliding»  plate  150  mm  length  (in 
downstream  direction),  10  mm  thick  angled  by  60°;  and  «crosses»  -  the  models  constructed 
from  rectangular  flat  plates  joined  by  their  side  edges.  Three  kinds  of  «crosses»  were  tested. 

The  first  kind  below  referred  to  as  «model  1 »  consisted  of  three  rectangular  plates  8  mm 
thick  joined  by  their  side  edges  on  a  single  axis  so,  that  angles  between  plates  were  all  120°. 
Two  models  of  this  type  were  tested:  15  (model  la)  and  30  cm  (model  lb)  length  (in 
downstream  direction). 

The  second  kind  of  experimental  models  -  «model  2»,  it  consisted  of  a  plate  20  cm  wide 
(refeired  to  as  «horizontal»)  and  another  plate  joined  to  the  axis  of  symmetry  of  the  first  one  so, 
that  the  latter  could  be  rotated  around  the  hint.  The  model  of  this  type  15  cm  length  is  below 
referred  to  as  «model  2a»,  30  cm  length  -  «model  2b». 

The  second  kind  -  «model  3»  -  was  assembled  from  a  plate  20  cm  wide  (referred  to  as 
«hoiizontaI»)  and  two  plates  of  the  same  length  (referred  to  as  «vertical»)  joined  to  the 
«horizontal»  plate's  axis  of  symmetry,  the  one  of  the  two  was  mounted  below,  and  the  other  - 
above.  The  angles  between  «horizontal»  and  «vertical»  plates  were  90°.  The  model  length  was 
15  cm. 

The  leading  and  trailing  edges  of  all  the  models  were  rounded.  The  models  were 
installed  parallel  to  the  flow.  The  scheme  of  the  experimental  setup  is  presented  in  figure  2. 


Test  section  wall 
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Plate 


Region  of  coherent 
stmctures  generation 


Test  section  wall 


F 


Model  3 
Crosses’  configurations 


Figure  2.  Scheme  of  experimental  setup. 

Mean  flow  speed  U  was  measured  using  pitot  static  probe.  Measurements  were  done  in 
flow  speed  range  from  5  to  45  m/s.  Stream  wise  components  of  mean  velocity  and  velocity 
fluctuations  were  measured  by  means  of  constant-temperature  hot-wire  anemometer  with  a 
single-wire  probe.  The  signal  of  the  hot-wire  anemometer  was  passed  through  analog-digital 
converter  to  a  personal  computer,  where  it  was  then  processed  in  digital  form.  In  particular, 
narrow-band  (4  Hz)  spectral  analysis  was  done. 

A  microphone  was  used  for  qualitative  observation  of  sound  pressure  level,  sound  wave 
spectral  analysis  and  as  a  reference  when  synchronized  hot-wire  readings  were  done. 
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Results 


Two  plates. 

When  loudspeaker  is  used  to  introduce  a  disturbance  into  the  boundary  layer,  the 
amplitude  and  direction  of  propagation  of  incident  sound  wave  depend  on  location  and 
orientation  of  the  loudspeaker  as  well  on  its  amplitude-frequency  characteristic.  If  channel  flow 
is  considered,  resonant  properties  of  the  channel  are  important  too.  It  leads  to  non  uniform 
sound  field,  which  also  depends  on  sound  frequency.  The  factors  enumerated  result  in  practical 
unpredictability  of  sound  velocity  magnitude  and  direction  in  the  region  where  sound  transforms 
to  boundary  layer  disturbance.  By  the  reasons  mentioned  above,  a  question  appears  to  be 
interesting  about  effectiveness  of  aeroacoustic  resonance  as  an  origin  of  disturbances  of 
boundary  layer  on  a  body,  that  is  not  involved  in  resonance  generation.  An  effort  was  made  to 
introduce  a  disturbance  with  the  frequency  quite  different  from  the  natural  one  to  the  wake 
behind  the  plate  40  mm  thick  (it  is  below  referred  to  as  «thick»).  Resonant  sound  generated  by 
additional  («thin»)  plate  8  mm  thick  was  used  as  an  origin  of  the  disturbance.  The  «thin»  plate 
was  installed  between  the  «thick»  plate  and  test  section  wall.  It  was  shown  by  means  of  phase 
measurements  in  the  wake  behind  the  «thick»  plate,  that  there  was  no  sound  transformation  to 
disturbance  of  the  wake. 

«Crosses» 

Model  la  was  installed  in  square  test  section  of  the  wind  tunnel.  This  model  did  not 
present  clearly  heard  resonance.  M^el  lb  when  installed  in  square  channel  generated  louder 
sound.  Mounting  it  in  the  round  test  section  (the  round  insertable  unit  was  set  into  square  test 
section)  resulted  in  greater  sound  level  and  allowed  to  observe  dependence  of  resonant 
oscillations  from  orientation  of  the  model  (when  it  was  being  turned  around  its  longitudinal 
axis).  As  it  was  found,  the  plates  of  the  model  equally  contributed  in  resonant  sound  generation 
with  some  orientations  chosen  (it  damaged  the  resonance  when  pivot  of  half-span  length  was 
placed  in  the  region  of  coherent  structures  shedding  on  the  trailing  edge  of  any  plate).  When  the 
other  orientations  were  chosen  the  only  two  of  plates  were  imjwrtant.  Not  only  trailing  edges  but 
also  the  regions  near  the  leading  edges  of  the  models  had  significance  for  generation  of  the 
resonance  observed.  Beating  was  heard  in  resonant  sound  at  some  flow  speed. 

Model  2a  was  installed  in  square  test  section  and  like  model  la  did  not  generate 
intensive  sound.  Shortening  to  15  cm  (model  2b)  and  then  setting  the  round  insertable  unit  led 
to  the  increase  of  sound  intensity.  When  upper  cover  of  the  test  section  was  removed,  the 
additional  growth  in  sound  level  was  observed  (the  insertable  unit  was  shorter  than  the  test 
section,  and  with  the  cover  removed  the  flow  was  rebuilt).  Unlike  model  1  resonance  could  be 
broken  by  the  pivot  placed  in  separation  region  only  at  the  «horizontal»  plate. 

Model  3  was  installed  in  square  channel  and  generated  loud  sound.  Beating  was  heard  in 
the  sound,  it  is  shown  schematically  in  figure  3.  The  model  modifications  (removal  of  one  of  the 
«vertical»  plates,  the  changes  of  the  angles  between  the  plates)  did  not  result  in  decrease  of 
sound  level. 

«Sliding»  plate  .  .  , 

An  aeroacoustic  resonance  was  observed  in  tests  with  the  «sliding»  plate.  This  resonance 
showed  some  features  distinguishing  it  from  an  «ordinary»  two-dimensional  one  on  a  square 
plate.  The  «shelf»  on  "frequency-flow  velocity"  plot  has  a  marked  slope,  i.e.,  the  resonant 
frequency  gradually  increases  widi  overall  change  being  about  30  Hz.  Wake  velocity  fluctuation 
spectra  make  this  resonance  similar  to  a  two-dimensional  one  with  hysteresis  occurred. 

An  attempt  was  done  to  «visualize»  wake  behind  the  model.  To  do  this,  velocity  field  was 
measured  in  the  wake  by  means  of  hot-wire  anemometer.  Phase  locked  ensemble  average  of  ten 
realizations  of  the  signal  was  made  for  each  location  of  measurements  using  microphone  signal 
as  a  reference.  Mean  values  of  ten  were  calculated  for  each  measuring  location  (realization 
readings  were  initiated  by  reference  microphone  signal).  Mean  velocities  and  streamwise 
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Sound  beating 


U 

Figure  3.  Dominant  frequency  of  the  wake  behind  model  3  versus  flow  speed  (schematic 
illustration  of  sound  beating). 

velocity  fluctuations  were  calculated  from  those  «mean  realizations^.  Local  values  of  velocity 
fluctuations  gotten  in  some  instant  (the  same  for  all  measuring  region)  formed  streamwise 
fluctuation  «field».  Then  the  transversal  fluctuations  «field»  was  calculated  by  means  of 
continuity  equation,  and  then  -  the  field  of  fluctuation  amplitudes.  Isocontours  of  tUs  field  are 
presented  in  figure  4.  One  can  see  at  the  figure  that  the  isocontours  are  grouped  into  several 
formations  spaced  almost  periodically.  The  formations  correspond  to  vortices  forming  almost 
periodical  street. 


Figure  4.  Isocontours  of  velocity  fluctuation  amplitudes  in  wake  behind  «sliding»  plate. 
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Conclusions 

It  was  shown  in  the  paper  for  all  considered  configurations  the  existense  of  resonant 
sound  amplification  regimes  conditioned  by  coherent  structures  generation. 

There  was  no  possiblility  to  introduce  a  disturbance  into  the  wake  behind  the  «thick» 
plate  using  resonant  sound  generated  by  the  other  (thin)  plate,  when  the  resonant  sound 
frequency  was  quite  different  from  the  natural  wake  frequency  of  the  «thick»  plate. 

Separation  region  modification  either  on  leading  or  trailing  edges  can  break  the  process 
of  sound-wake  synclnonization.  As  a  result  the  resonance  can  be  removed. 

For  the  "crosses”  sound  beating  was  observed  in  some  flow  speed  range  witnessing  that 
several  resonances  are  generated  at  the  same  flow  speed.  Each  of  these  is  generated  by  one  of 
the  plate  forming  the  model. 

Essential  influence  of  the  factors  described  above  on  the  trailing  edge  region  and  on  the 
flow  as  a  whole  confirms  the  importance  of  the  conditions  in  the  separation  region  for  control  of 
the  integral  flow  characteristics. 
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INTRODUCTION 

‘  Present  work  continues  the  investigations  series  related  to  a  dispersed  flows  stability 
[1-6].  The  plane  Poiseuille  and  Couette  flows,  wake  and  jet  had  been  studied  early  within 
the  frame  of  linear  theory.  Of  course,  our  investigation  can  not  be  complete  without  a 
boundary  layer  consideration. 

Dispersed  boundary  layer  has  a  relatively  complex  structure  because  of  its  non-paralle¬ 
lism.  In  addition  this  structure  depend  on  number  of  conditions  such  as  initial  distribution 
of  dispersed  phase  and  so  it  can  be  various.  Two  different  approach  to  this  problem  are 
possible.  The  first  one  is  to  study  some  typical  configurations  of  dispersed  flow  and  after 
that  to  pick  out  general  features.  The  second  way  is  to  investigate  the  most  general 
boundary  layer  at  once.  We  had  selected  the  last  approach. 


THE  FIRST  STAGE:  PARALLEL  APPROXIMATION 

Let  us  consider  two-phase  flow  near  a  flat  plate.  We  shall  assume  that  a  carrier  fluid  is 
viscous  and  non-compressible,  hard  particles  of  disp«*sed  phase  do  not  interact  one  with 
other.  The  interphase  force  supposed  to  be  a  proportional  to  a  difference  between  the 
phases  velocities.  The  detailed  description  of  such  a  media  model  can  be  found  in  [1,2,6]. 
It  was  shown  there  that  both  phases  have  the  same  velocity  profile  U(y)  in  steady  parallel 
flow.  We  use  the  Blasius  profile  and  model  Polhausen  profile  and  obtain  the  similar 
results.  Also  two-phase  flow  can  be  characterized  by  the  mass  density  profile  of  dispersed 
phase  f(y)  and  two  similarity  parameters:  the  Reynolds  number  Re  and  the  dimensionless 
media  relaxation  time  S.  Estimations  show  that  for  real  flows  mass  concentration  /  can 
reach  values  up  to  1,  and  relaxation  time  S  has  a  value  between  10“*  (coarse  particles) 
and  10~*  (fine  particles). 

0  £.  V.  Belkina,  E.  B.  Isakov,  V.  Ya.  Rudyak,  1998 
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(1) 


Linear  stability  problem  of  the  flow  has  the  following  form 

(W  -  c)(v>''  -  aV)  -  H^'V  +  (J  - 

W{y)  =  U{,y)  +  fJ(,y),  i  +  iaSRe(U-c)’ 

1^(0)  =  0;  v)'(0)=0;  ^(oo) -*  0.  (2) 

Here  y>exp[t(ax  -  wf)]  is  the  stream  function  of  a  small  flow  disturbance  that  has  wave 
number  a  and  frequency  w.  Relations  (2)  are  ordinal  boundary  conditions. 

This  stability  problem  was  solved  numerically,  using  the  well-known  orthogonaliza- 
tion  and  differential  factorization  methods.  It  was  shown,  that  flow  stability  essentially 
depends  on  the  particles  distribution  in  the  flow. 

BOUNDARY  LAYER  WITH  UNIFORM  PARTICLES  DISTRIBUTION 

The  simplest  form  of  dispersed  phase  distribution  is  uniform  /  =  const.  Neutral  sta¬ 
bility  curves  of  two-phase  boundary  layer  with  low  particle  density  /  =  0.05  are  shown  in 
Fig.  1.  Dashed  line  corresponds  to  one- phase  flow.  We  can  see  that  all  the  stability  curves 
are  closed  one  to  other.  Some  distinguishes  are  seen  in  the  upper  branch  neighborhood 
only. 


Fig.  1  Boundary  layer  with  low  density  Fig.  2  Disturbances  growth  increments 
of  dispersed  phase  (/  =  0.05)  (Re  =  8.3  •  10®,  S  =  10  ) 


The  main  reason  of  these  distinguishes  is  low  disturbances  growth  increment  in  this 
re^on  (Fig.  2),  Coarse  inertial  particles  move  with  average  flow  velocity  and  so  they 
dump  disturbances.  If  the  particles  concentration  reaches  certain  critical  value  (/  >  0.05) 
upper  branch  of  neutral  curve  can  change  its  asymptotics. 
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Let  us  now  consider  boundary  layer  flow  with  high  mass  concentration  of  the  particles 
(/  =  0.3).  Neutral  stability  curves  of  such  a  flow  are  shown  in  Fig.  3.  There  we  can 
see  opposite  effect  of  flow  destabilization  when  particles  added.  This  effect  takes  a  place 
at  low  stream  velocity  and  so  critical  Reynolds  number  decreases.  It  can  be  explained 
by  the  change  of  media  density  with  the  particles  addition.  On  the  other  hand,  at  high 
Reynolds  number  stabilization  influence  of  dispersed  phase  is  great  so  that  the  flow  insta¬ 
bility  region  changes  topology  (S  =  10“®).  Two  separated  instability  subregions  appear. 
Within  the  range  between  these  subregions  flow  becomes  stable  with  respect  to  a  small 

2- D  disturbances.  Similar  effect  was  early  observed  in  plane  Poiseuille  flow  [2,6].  It  is 
necessary  to  note,  that  the  flow  instability  within  the  described  range  is  determined  by 

3- D  disturbances,  that  remain  growing  [4]. 

Critical  Reynolds  number  of  two-phase  boundary  layer  as  a  function  of  a  particles  size 
(which  is  proportional  to  "v/S)  is  shown  in  Fig.  4.  It  is  seen,  that  there  is  a  certain  value 
of  media  relaxation  time  S  corresponding  to  a  maximum  stabilization  effects  (/  =  0.05, 
/  ~  0.1).  Curve  /  =  0.3  has  the  break  due  to  a  change  of  instability  region  topology. 


topology  at  high  particles  density  phase  flows  in  boundary  layer 

(/-0.3) 


NON-UNIFORM  DISTRIBUTION  OF  PARTICLES 

Distribution  of  dispersed  phase  in  plane  parallel  flow  can  be  arbitr2iry  [2,6].  So  the 
profile  of  particle  density  have  to  be  according  to  a  problem  physical  sense  only.  To  the 
goals  of  present  work  we  choose  this  profile  in  the  following  form 

/(y)  =  /oexp(-y/L).  (3) 
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Here  L  is  characteristic  width  of  the  distribution.  Such  a  distribution  can  imitate  for 
example  the  sedimentation  process  with  a  satisfactory  accuracy. 

The  neutral  stability  curves  of  boundary  layer  with  non-uniform  particles  distribution 
(3)  are  shown  in  Fig.  5  (/o  =  0.3).  Instability  region  of  uniform  flow  X  — ►  oo  was  signified 
by  dotted  line.  Distribution  width  L  reduces  it  means  that  total  number  of  particles 
decreases  too.  Therefore  the  stabilization  effect  of  coarse  particles  falls  down.  It  is  seen 
that  instability  regions  grow  when  L  reduces. 


a 


Fig.  5  Boundary  layer  with  non-uniform 
particles  distribution,  coarse  par¬ 
ticles  (/o  =  0.3,  S  =  10--*) 


Fig.  6  Boundary  layer  with  non-uniform 
particles  distribution,  fine  parti¬ 
cles  (/o  =  0.3,  S  =  10-«) 


On  the  other  hand  the  fine  particles  (S  =  10“®)  do  not  stabilize  flow  at  the  Reynolds 
numbers  up  to  value  Re  =  10^  -r  10®  (see  Fig.  6).  However  they  effectively  change  media 
density  profile.  So  the  third  term 

in  Equation  (1)  become  considerable  when  L  decreases.  It  is  seen  that  significant  flow 
stabilization  follows. 


STRUCTURE  OF  STEADY  BOUNDARY  LAYER  FLOW 

It  was  written  above  the  both  phases  have  the  same  velocity  profile  in  plane  parallel 
flow.  Because  of  non-parallelism  of  boundary  layer  this  rule  does  not  work  in  reality.  In 
general  sace  the  carrier  and  dispersed  phases  have  different  velocity  profiles  Uf{y)  and 
Up(y),  respectively.  We  calculated  these  profiles  for  a  small  value  of  the  particle  mass 
concentration  /  and  they  are  shown  in  Fig.  7.  Two-phase  boundary  layer  is  not  self¬ 
similar  flow.  On  the  other  hand,  such  flows  with  different  relaxation  time  values  are 
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similar  one  to  other.  So  the  longitudinal  coordinate  has  the  special  dimensionless  form 
®SRe. 


0  1  2  3  4  5  xSRe 

Fig.  7.  Carrier  and  dispersed  phase  velocity  profiles  in  boundary  layer 


As  we  see  the  velocity  profiles  are  considerably  differed  within  the  range  of  longitudinal 
coordinate  0  <  xSRe  ;S  4.  All  the  results  described  above  are  valid  in  the  flow  domain 
xSRe  >  4,  i.e.  far  enough  from  the  plate  edge.  In  the  edge  neighborhood  it  is  necessary 
to  solve  general  problem  with  independent  velocity  profiles  of  the  phases. 

Since  the  speed  of  flow  reduces  near  plate,  particles  density  increases  (see  Fig.  8). 
Obtained  dispersed  phase  profile  can  be  qualitatively  presented  by  (3). 


Fig.  8.  Dispersed  phase  mass  concentration  profile  in  boundary  layer 


CONCLUSIONS 

It  was  shown  that  boundary  layer  stability  characteristics  change  considerably  with 
hard  small  particles  addition  into  the  flow.  Flows  with  the  Blasius  and  Polhausen  ve¬ 
locity  profiles  had  been  studied  and  the  same  qualitavely  results  were  obtained.  Some 
features  are  similar  to  a  plane  Poiseuille  flow  studied  early.  Quantitative  characteristics 
were  obtained  are  valid  for  remote  region  of  flow.  It  was  also  shown,  that  in  the  plate 
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edge  neighborhood  carrier  and  dispersed  phases  have  different  velocity  profiles  and  so  it’s 
necessary  to  solve  generalized  problem  of  stability. 

Pr^nt  work  was  partially  supported  by  Grant  96-15-96310  of  President  RF. 
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INTRODUCTION 

At  present  there  are  many  experimental  results  concerning  a  generation  and  development  of 
specific  structures  in  the  transitional  boundary  layer.  At  nonlinear  stages  of  the  transition  so- 
called  A-stnictures  appear  which  consist  mainly  of  a  A-vortex  [1]  and  3D  high-shear  layer  [2]. 
Further  downstream  in  a  vicinity  of  the  A-vortex  tip  one  can  observe  an  appearance  of  very 
intensive  fluctuations  of  the  streamwise  velocity  known  as  'spikes'  [3,4]  which  represent  one 
more  kind  of  the  coherent  structures.  The  'spikes'  were  investigated  in  detail  in  [5-9]  and 
named  as  the  C5-soUtons  (coherent  structures  -  solitons).  The  process  of  C5-solitons 
generation  corresponds  to  a  multiple  reconnection  of  the  A-vortex  tip  [9-12],  Initially  this 
sequence  of  events  was  observed  only  in  so-called  A-regime  of  the  boundary-layer  breakdown. 
However,  it  was  shown  recently  in  [13]  that  the  same,  in  fact,  processes  of  the  A-vortex 
evolution  and  'spikes'  generation  take  place  at  later  nonlinear  stages  of  another  known  regime 
of  breakdown  (the  V-regime).  It  was  also  found  that  very  similar  processes  are  observed  in  the 
developed  turbulent  boundary  layer  and  it  is  quite  probable  that  there  is  a  universal  mechanism 
of  the  turbulence  production  in  the  two  these  flows  (see  for  example  [9,14-17]).  That  is  why  a 
study  of  generation  and  evolution  of  the  above  mentioned  structures  can  be  very  helpful  for 
understanding  both  the  transitional  and  the  developed  turbulent  flows.  Meanwhile, 
unfortunately,  the  existing  amount  of  experimental  data  is  not  enough  to  obtain  a  complete 
description  of  the  process.  Several  very  important  questions  are  not  answered  yet,  namely:  (i) 
what  are  the  properties  of  the  coherent  structures  at  very  late  stages  of  the  transition,  (ii)  which 
of  them  are  similar  and  which  are  different  in  the  transitional  boundary  layer  and  in  the 
developed  turbulent  flow,  (iii)  what  is  the  main  mechanism  of  breakdown  of  the  structures  and 
the  chaos  origin  at  late  stages  of  the  transition,  (iv)  what  is  the  role  of  the  two  kinds  of  the 
coherent  structures  in  the  process  of  the  flow  randomization,  and  (v)  is  an  interaction  between 
these  structures  important  or  not? 

To  find  out  some  answers  to  these  questions  it  is  necessary  to  know  quantitatively  the 
spatial  structure  of  the  flow  disturbances.  At  present  this  information  is  available  mainly  for 
initial  stages  of  transition  and  in  a  plane  of  symme^  of  the  structures.  The  goal  of  the  present 
investigation  was  to  fulfill  some  of  existing  gaps  in  our  knowledge  by  means  of  obtaining  a 
quantitative  information  about  the  mean  and  disturbance  velocity  fields  at  late  stages  of  the 
transition  process. 

EXPERIMENTAL  MODEL  AND  METHODS  OF  MEASUREMENTS 

Experiments  were  carried  out  in  a  low-turbulence  wind  tunnel  T-324  IT  AM  at  a  free  stream 
velocity  Vq  =  9.18  m/s  under  controlled  disturbance  conditions.  Similar  to  experiments  [1 1]  the 
perturbations  (harmonic  in  time)  were  introduced  into  the  flat  plate  boundary  layer  by  means  of 
a  vibrating  ribbon  combined  with  a  very  small  (specially  shaped)  roughness  strips  pasted  onto 
the  plate  surface  under  the  ribbon.  For  convenience  of  comparison  the  mean-flow  and 
disturbance  parameters  have  been  chosen  approximately  the  same  as  in  the  previous  studies  (for 
example  in  [4,11]).  Namely  the  AT-regime  of  transition  was  realized  and  studied.  The  initial 
disturbance  with  frequency  81.4  Hz  had  rather  high  amplitude  and  was  almost  two-dimensional 
one  with  the  only  small  local  maximum  near  the  spanwise  position  z  =  0.  Further  downstream  a 
formation  of  A-structures  and  their  subsequent  development  took  place  in  a  vicinity  of  this 
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position  (called  usually  the  'peak'  position).  A  more  detail  description  of  the  experimental 
conditions  is  presented  in  [  1 1].  All  main  measurements  were  conducted  by  means  of  a  hot-wire 
anemometer  with  a  Unearizer.  A  single-wire  probe  had  a  wire  of  6  pm  in  diameter  and  03  mm 
length  of  its  sensitive  element,  that  provided  a  very  well  spatial  resolution  of  the  measurements. 
The  probe  was  mounted  on  an  (jc,y,c)-tra verse.  The  following  coordinate  system  was  used  in 
the  present  paper  x  is  the  streamwise  coordinate  (x  =  0  at  the  plate  leading  edge),  y  is  the 
normal-to-wall  coordinate, ;  is  the  spanwise  coordinate. 

It  is  not  easy  to  choose  a  proper  method  of  the  data  processing  for  the  present  case.  The 
matter  is  that  the  late  stages  of  transition  are  very  sensitive  to  the  flow  and  disturbance 
parameters.  For  this  reason  it  is  practically  impossible  to  obtain  a  perfect  repeatability  of 
disturbance  fields  (which  are  periodic  in  time  originally)  even  within  one  set  of  measurement. 
Moreover,  at  very  late  stages  of  transition  the  deterministic  processes  (such  as  reconnection  of 
the  A-vortex  'legs')  are  interfered  by  a  process  of  flow  randomization  and  a  spatial  location  of 
the  structures  is  varied  from  one  fundamental  period  to  another.  It  is  very  useful  to  use  in  this 
case  a  kind  of  conditional  sampling  technique  to  obtain  the  deterministic  part  of  the 
instantaneous  flow  field  but  the  result  of  its  application  depends  significantly  on  'a  priori' 
information  about  the  structures  studied.  In  the  present  investigation  we  widely  used  the 
ensemble  averaging  technique  and  measured  the  streamwise  components  of  the  mean  velocity 
field  U(x,y,z)  and  the  instantaneous  disturbance  fields  M’(.JC,y,c,/)-  The  disturbance  phases  were 
measured  with  respect  to  a  clock  generator  that  feed  the  vibrating  ribbon. 


;  0  5  10 


Fig.  1.  Ensemble  averaged  time  traces  u\t)  recorded  in  the  plane  (z=0) 
at  different  y  positions.  x=450  mm  (a).  jr=550  mm  (b). 

The  ensemble  averaged  data  presented  in  the  present  paper  are  very  useful  for  quantitative 
comparison  with  calculations  despite  some  details  are  hidden  due  to  the  procedure  of  averaging. 
For  example  non-averaged  time  traces  show  that  the  A-vortex  tip  reconnects  many  times,  but 
only  few  reconnections  can  be  seen  on  the  averaged  traces  due  to  a  very  strong  spatial  (and 
temporal)  localization  of  the  spike  and  a  rather  intensive  modulation  of  its  phase  in  time  at  late 
stages  of  transition.  To  observe  the  details  hidden  by  averaging  the  instantaneous  not-averaged 
signals  (synchronized  with  the  reference  one)  were  also  documented  in  the  most  of  spatial 
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points.  This  information  is  important  for  investigation  of  non -periodical  perturbations  at  stages 
of  the  flow  randomization  but  it  is  not  discussed  in  the  present  short  paper.  An  additional  very 
important  data  can  be  obtained  by  means  of  a  flow  visualization  which  gives  a  real 
instantaneous  information  about  the  flow  field  as  a  whole;  despite  this  information  is  only 
qualitative.  This  method  was  used  in  another  paper  prepared  by  almost  the  same  authors  and 
published  in  this  volume  [18]. 


RESULTS  OF  MEASUREMENTS 

A  set  of  time-traces  « ’(^)  measured  in  the  peak  position  at  two  streamwise  coordinates  are 
shown  on  Fig.  1.  Lower  traces  are  obtained  in  the  near-wall  region,  the  upper  ones  —  in  the 
external  part  of  the  boundary  layer.  Fig.  la  corresponds  to  a  ’one  spike'  stage  {x  =  450  mm). 
The  flow  at  this  stage  is  very  regular  (periodic)  despite  the  disturbance  amplitudes  (the 
magnitude  of  the  spikes)  are  very  high  and  exceed  40%  of  the  free-stream  velocity.  Fig.  \b 
corresponds  to  a  rather  late  stage  (x  =  550  mm)  where,  in  contrast,  the  ensemble  averaged 
perturbations  have  much  lower  magnitudes  than  at  the  previous  stages.  The  flow  in  the  near- 
wal!  region  is  very  irregular  at  this  stage  and  rather  close  to  the  turbulent  one.  Some  irregular 
motions  are  visible  at  .t  =  550  mm  even  on  the  ensemble  averaged  time-traces  but  they  are  much 
more  pronounced  on  a  not-averaged  time-trace  shown  at  the  bottom  of  Fig.  Ifc  as  a  bold  gray 
line.  This  trace  was  recorded  at  the  same  spatial  position  as  the  lowest  averaged  one.  A  rapid 
'jump'  of  the  velocity  perturbation  from  negative  to  positive  values  is  seen  on  the  two  time 
traces.  As  it  was  shown  in  [11,12]  this  jump  corresponds  to  the  high-shear  layer  positioned 
above  the  A-vortex  .  It  is  important  to  note  that  first  four  spikes  appeared  at  x  =  470  mm  are  still 
observed  at  x  =  550  mm  in  the  outer  part  of  the  boundary  layer  (Fig.  \b)  demonstrating  a  very 
strong  conservatism  of  the  C5-solitons  (the  ring-like  vortices)  attributed  to  the  spikes. 


F/jf.  2.  Contours  of  inslanuincous  spanwisc  voniciiy  in  (y./l-planc: .r  =  450  mm,  :  =  0. 

Figs  2  to  4  display  contours  of  instantaneous  du/dy  which  coincide  in  the  boundary  layer 
(with  a  ver>’  high  accuracy)  with  the  spanwise  vorticity  (D/.  Fig.  2  contains  the  data  obtained  in 
the  peak  position  for  the  'one-spike'  stage.  It  demonstrate  a  shape  of  a  cross-section  of  the  A- 
shaped  3D  high-shear  layer  (HS-layer)  located  rather  close  to  the  wall  and  continuously 
stretching  when  moving  downstream.  The  first  spike  on  time  traces  is  observed  under  the  tip  of 
the  HS-layer  where  the  instantaneous  flow  velocity  is  low.  Meanwhile  above  the  HS-layer  the 
instantaneous  velocity  is  high  and  near  the  HS-layer  tip  a  small  positive  spike  is  seen  on  the 
time  traces  (Fig.  la).  When  the  hot-wire  probe  is  positioned  close  to  the  wall  a  jump  of  the 
instantaneous  velocity  fluctuation  from  negative  to  positive  values  is  obser\'ed  (Fig.  1^)  at  the 
time  moment  when  the  HS-layer  pass  the  probe.  The  ring-like  vortices  [  10.1 11  start  only  to 
form  at  this  early  stage  of  the  transition. 

The  3D  structure  of  the  HS-layer  is  visually  seen  in  Fig.  3  where  the  spanwise  vorticity 
fluctuation  is  shown  in  the  (y,:)-plane  at.v  =  450  mm.  The  sequence  of  figures  from  Fig.  to 
Fig.  2>d  corresponds  to  displacement  along  the  A-structure  (or  the  A-shaped  HS-layen  in  the 
streamwise  direction.  It  is  seen  the  following;  (d)  a  cross-section  of  the  A-structure  'legs',  (h) 


the  'legs'  are  converging  and  moving  away  from  the  wall,  (c)  a  cross-section  of  the  A-structure 
near  its  tip  (the  'legs'  are  merged),  the  very  tip  of  the  A-structure. 


Fig.  3.  Contours  of  spanwisc  vorticity  a)^  in  (y,-)-plane  for  4  lime  moments;  x  -  450  mm. 


Far  downstream  (at  .r  =  550  mm)  the  3D  HS-layer  (which  is  located  mamly  between  the 
'leos'  of  A-vortex  and  slightly  above  them)  becomes  stretched  very  much  because  its  near-wall 
'tails'  move  slower  than  the  tip.  At  this  stage  the  tip  of  the  A-vortex  reconnects  many  times  and 
produce  a  sequence  of  the  C5-solitons  (the  ring-like  vortices)  seen  in  Fig.  \b  as  a  set  of  spikes. 
Their  cross-sections  are  observed  in  Fig.  4c  and  Ad  as  couple  regions  positioned  rather  far  from 
the  wall  (V  =  4  to  7  mm)  with  a  positive  (upper  region)  and  negative  (lower  region)  spanwise 
vorticity.  Of  course,  the  side  parts  of  the  rings  are  not  visible  on  the  pictures  of  the  spanwise 
vorticitv  presented  in  these  figures  because  the  vorticity  vector  is  nearly  perpendicular  to  the 
wall.  Fig.  4J  corresponds  to  the  first  ring-like  vortex  (attributed  to  the  first  spike),  while  Fig. 
4c  —  to^he  second  one.  [Note  that  there  are  no  any  significant  perturbations  in  this  region  in 
the  other  time  moments  between  these  two  pictures.]  One  can  see  that  at  this  stage  the  ring-like 
vortices  are  not  connected  with  the  HS-layer  (that  is  seen  at  y  ^  1  mm  at  the  time  moments 
presented  in  Figs.  4c  and  Ad)  They  move  ahead  of  the  HS-layer  with  almost  free-stream  speed. 

Fio.  Ah  corresponds  to  the  time  moment  of  merging  the  A-structure  'legs'.  In  the  rest  of  the 
fundarnental  period  these  'legs’  remain  split  (two  black  spots  in  Fig.  4a).  They  are  observed  at  a 
distance  about  1  or  2  mm  from  the  wall  and  have  orientation  almost  parallel  to  each  other  and  to 
the  wall.  A  comparison  of  the  pictures  measured  at  .x  =  450  (Fig.  3)  and  550  (Fig.  4)  mm 
shows  that  the  spanwise  vorticity  in  the  A-vortex  remains  almost  the  same  (or  becomes  even 
greater)  when  moving  downstream  but  the  thickness  of  the  HS-layer  (and  a  diameter  of  the  A- 
vortex  ’legs')  gets  si  gnificantlv  smaller  due  to  their  continuous  starching. 

Note  also!  that  sVeamwise  vortices  similar  to  the  A-vortex  'legs'  at  late  stages  are  typically- 
observed  in  the  developed  turbulent  flow  in  the  near-wail  region. [19.20],  as  well  as  in  the 
transitional  boundarv' layers  at  high  levels  of  the  external  perturbations  (the  bypass  transition) 
(see  e.g.  [21])  and  are’called  very’  often  'the  streaky  structures'.  The  ring-like  vortices  and 


spikes  also  represent  ver)’  typical  phenomena  observed  in  the  outer  part  of  the  turbulent 
boundary-  layer  [22,23].  This  similarity  testifies  to  a  universality  of  the  mechanisms  of 
turbulence  production  discussed  in  the  present  paper. 


Fig.  4.  Contours  of  spanwise  vorticity  in  (y.2)-pSane  for  4  lime  moments;  x  -  550  mm. 


Conclusions 

The  data  obtained  in  present  experiments  confirm  completely  the  notions  on  the  evolution 
of  the  3p  nonlinear  structures  in  transitional  boundary  layer  and  provide  an  additional 
information  about  these  phenomena.  The  present  results  are  in  a  very  good  qualitative 
agreement  with  direct  numerical  simulations,  in  particular  with  those  performed  in  the 
Stuttgart's  research  group  (see  for  instance  [10,12]),  and  can  be  used  for  subsequent 
quantitative  comparison  and  validation  of  the  theory. 

This  data  is  very  important  also  for  understanding  the  physical  mechanisms  of  the 
turbulence  production  in  the  developed  turbulent  near-wall  flows. 

Although  the  results  discussed  above  concern  mainly  the  ensemble  averaged  values,  a 
future  processing  of  the  experimental  data  obtained  in  the  present  study  will  provide  new 
additional  information  regarding  the  mechanisms  of  the  flow  randomization. 

This  work  was  supported  by  Russian  Foundation  for  Basic  Research  (Grant  No  96-01- 
00001c). 
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1.  INTRODUCTION 

In  the  modem  notion  of  laminar-turbulent  transition  in  swept-wing  boundary  layers, 
localized  surface  non-uniformities  are  considered  to  be  among  the  most  important  factors 
influencing  the  transition  location.  However,  despite  the  great  practical  interest  in  this  problem, 
there  are  few  studies  containing  quantitative  data  about  the  swept-wing  boundary-layer 
receptivity  to  surface  non-uniformities  (both  stationary  and  non-stationary).  Recently  these 
problems  were  studied  experimentally  in  [1,2]  and  theoretically  in  [3-5].  The  main  goal  of  the 
present  paper  is  to  carry  out  a  quantitative  comparison  of  fhe  swept-wing  boundary-layer 
receptivity  characteristics  obtained  in  experiments  [2]  with  the  theoretical  ones  based  on  a  linear 
receptivity  theory  [4,5]. 

Previous  experience  in  the  experimental  investigation  of  swept-wing  boundary-layer 
receptivity  to  stationary  surface  non-uniformities  (see  [6])  shows  the  extreme  complexity  of 
directly  obtaining  the  linear  receptivity  coefficients.  The  difficulties  result  from  a  circumstance 
that  even  in  the  best  low-turbulence  wind-tunnels  the  free  stream  has  a  slow  time  modulation 
(frequencies  less  than  0.1  Hz)  of  the  flow  velocity  with  a  magnitude  about  03  -r  0.5%.  In  the 
presence  of  such  background  modulation,  it  is  almost  impossible  to  extract  a  weak  signal  (with 
an  amplitude  of  about  0.01%)  attributed  to  the  zero-frequency  instability  modes  generated  by 
micro-roughness.  In  previous  experiments  [6]  an  attempt  was  made  to  increase  the  amplitude  of 
the  steady  flow  disturbance  (in  order  to  make  it  measurable)  by  means  of  increased  roughness 
height.  However,  this  resulted  in  non-linearity  of  the  receptivity  mechanism . 

In  the  experimental  part  of  the  present  study  a  new  method  of  obtaining  the  roughness- 
receptivity  coefficients  is  developed  and  used.  The  method  incorporates  an  investigation  of  the 
swept-wing  boundary-layer  receptivity  to  localized  surface  vibrations  at  several  disturbance 
frequencies  (as  close  to  zero  frequency  as  possible)  and  an  extrapolation  of  the  results  obtained 
to  the  zero  frequency  of  vibrations.  A  correctness  of  the  limit  transition  f  -♦  0  is  investigated 
and  substantiated.  As  a  result,  the  coefficients  of  the  linear  receptivity  of  the  3D  boundary  layer 
to  localized  surface  roughness  are  obtained  experimentally  for  various  values  of  the  disturbance' 
spanwise  wavenumber.  These  coefficients  are  independent  of  the  specific  shape  of  the 
roughness  and  can  be  directly  compared  with  the  linear  receptivity  theory.  The  theoretical  part 
of  the  present  study  is  carried  out  within  the  linear  framework  of  the  swept-wing  boundary- 
layer  receptivity  to  localized  surface  non-uniformities  developed  in  [4,5].  The  calculations  are 
performed  for  the  conditions  of  the  present  experiments. 

2 .  METHODS  OF  STUDY 

2.1.  Experimental  procedure.  The  experiments  were  carried  out  at  the  Institute  of 
Theoretical  andApplied  Mechanics  (Novosibirsk)  in  a  low-turbulence  wind-tunnel  T-324  on  a 
model  of  a  swept  wing  (described  in  [7])  with  the  sweep  angle  x  =  25.0®.  The  mean  flow  was 
produced  by  the  flow  over  a  swept-plate  with  a  pressure  gradient  induced  by  a  contoured  wall 
bump  positioned  over  the  plate  on  the  test-section  ceiling. 

A  special  circular  surface  vibrator  was  used  as  a  non-stationary  surface  non-uniformity  with 
known  geometry.  The  vibrator  (the  source)  had  a  diameter  of  20  nun  and  was  mounted  flush 
with  the  swept-plate  wall  at  a  distance  x'  =  Xs  =  404.2  mm  (;cs  =  466  mm)  from  the  leading 
edge,  where  the  jc  '-axis  is  directed  along  the  chord  of  the  model  and  the  x  -axis  —  along  the 
tunnel  free-stream  velocity  vector.  The  design  of  the  sourde  (described  in  [8])  allowed  control 
of  the  amplitude  and  frequency  of  the  vibrations. 
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The  measurements  in  the  flow  were  performed  by  means  of  a  hot-wire  anemometer.  A 
single-wire  probe  measured  the  x  -component  of  both  the  mean-velocity  vector  and  the  vector 
of  the  velocity  fluctuations.  In  every  spatial  point  four  averaged  values  were  documented:  (i) 
the  mean  flow  velocity,  (ii)  the  r.m.s.  value  of  the  total  intensity  of  velocity  fluctuations,  (iii) 
the  phases,  and  (iv)  the  r.m.s.  amplitudes  of  the  velocity  fluctuations  at  the  frequency  of 
excitation  (within  an  effective  frequency  band  A/ =  0. 1  Hz). 

The  vibrator  generated  the  wave-trains  of  the  instability  waves  which  were  harmonic  in  time 
and  localized  in  the  spanwise  direction.  The  measurements  were  performed  at  6  different 
disturbance  frequencies:  /=  24.80,  21.43,  17.91,  15.00,  12.00  and  9.02  Hz.  At  the  position 
of  the  source  these  frequencies  correspond  to  nondimensional  frequency  parameters 
F  =  2jif  v/Uos^  =  60.7- 10^,  52.4- 10^,  43 .6- 10^,  36.5- 10^,  29.5*  Iff^,  ^d  22.2- 10^  (where 
Uos  is  the  edge  velocity  at  x  =  Xg  =  466  mm,  z  =  0,  i.e.  at  the  source  ^sition). 

In  the  main  measurements  flie  spanwise  (z  -direction)  distributions  of  the  flow  velocity 
fluctuations  were  measured  at  7  chordwise  positions  downstream  the  disturbance  source 
(where  the  z  -axis  is  parallel  to  the  leading  edge  of  the  model).  During  these  measurements  the 
nondimensional  distance  to  the  wall  was  fixed  (y/62  ^  const.  =  1.0)  and  corresponded 
approximately  to  the  maxima  of  the  cross-flow  instability- wave  amplitudes  in  their  y-profiles 
(see  section  3  below). 

2.2.  Analysis  of  experimental  data.  The  experimental  data  was  analyzed  according  to 
a  procedure  described  in  [1].  With  the  help  of  the  Fourier  transform  the  wave-trains  were 
decomposed  into  the  normal  cross-flow  instability  modes  inclined  at  different  angles  to  the  flow 
direction.  After  that,  the  initial  values  of  the  normal  mode  amplitudes  and  phases  were 
'reconstructed'  at  the  source  position  by  means  of  an  upstream  extrapolation  of  the 
experiment^  data.  A  2D  wavenumber  spectrum  of  the  vibrator  shape  was  determined  and  the 
'resonant'  spectral  modes  were  selected  from  it  with  the  help  of  the  dispersion  relationship 
obtained  for  the  cross-flow  waves.  These  'resonant'  modes  had  the  same  values  of  the 
streamwise  wavenumber  (at  every  fixed  value  of  the  disturbance  frequency  and  the  spanwise 
wavenumber)  as  those  of  the  instability  modes  generated  by  the  vibrations  in  the  flow.  As  a 
result,  the  complex  receptivity  coefficients  were  obtained  as  functions  of  the  spanwise 
wavenumber  for  each  of  six  disturbance  frequencies  studied.  Finally,  the  results  were 
extrapolated  to  the  zero  frequency  of  vibrations  and,  in  this  way,  the  values  of  the  roughness- 
receptivity  coefficients  were  determined. 

2.3.  Theoretical  analysis.  In  the  perturbation  analysis,  the  boundary-layer  flow  is 
decomposed  into  a  basic-state  velocity  and  a  perturbation  velocity 

V(x\y.z\t)  =  Vo(y,x')  +eV^(x\y,z\t) 

The  basic-state  velocity  is  given  by  the  Falkner-Skan-Cooke  solutions  for  an  undisturbed 
boundary  layer  with  no  spanwise  variation.  The  chordwise  (x ')  edge  velocity  is  given  by  f/  = 
{x ')™,  where  the  value  of  m  is  chosen  to  locally  match  the  experimentally-observed  edge 
conditions.  The  perturbation  velocity  is  the  result  of  the  surface  membrane  displacement,  given 
by 

y  =  zH  (x',z  )  exp(-/£or ),  with  e  «  1. 

The  governing  equations  for  the  perturbation  velocity  are  derived  according  to  the  quasi-parallel 
approximation.  This  approximation  locally  neglects  the  chordwise  divergence  of  the  boundaj^ 
layer  leading  to  the  Orr-Sommerfeld  and  Squire  equations  governing  the  disturbance.  Forjhe 
stability  analysis,  these  equations  are  solved  with  homogeneous  boundary  conditions.  The 
modal  frequency  ((o)  and  spanwise  wavenumber  (P')  are  imposed,  and  the  (complex) 
chordwise  wavenumber  (a*)  is  solved  for  as  an  eigenvalue.  In  the  receptivity  analysis, 
nonhomogeneous  boundary  conditions  are  imposed  due  to  the  surface  membrane.  The  surface 
perturbation  is  modeled  by  linearized  boundary  conditions  derived  from  a  Taylor  expansion  in 
terms  of  e  —  the  membrane  perturbation  amplitude.  The  y  =  0  boundary  conditions  are 
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Vg  =  -  io) . 


Uc  =  -du  Jdy,  We  =  -  dwo/dy. 

The  receptivity  analysis  considers  the  forced  disturbance  introduced  by  the  surface  membrane. 
The  local  disturbance  velocity  (at  the  source)  is  given  by  Fourier  integrals  in  x '  and  z After 
calculating  the  velocity  components  in  Fourier  space,  the  physical  velocities  are  determined  by 
integrating  over  a’  and  p'.  The  integration  over  a’  is  taken  in  the  complex  plane.  Focusing  on 
the  modes  which  dominant  the  solution  downstream,  the  a'  integral  is  given  by  the  residue 
associated  of  the  most  unstable  eigenmode  for  a  given  frequency  and  spanwise  wavenumber. 
The  modal  disturbance  amplitude  at  the  source  Xq  is  then  given  by 


,u))  -  Mm' CF.P)- 


where  e  is  a  measure  of  the  surface-perturbation  amplitude,  A"  is  a  (complex)  response  function 

for  a  given  mode,  and  H  is  the  Fourier  transform  of  the  membrane  shape  evaluated  at  the 
eigenmode  wavenumber  a'cF- 

3.  MEAN  FLOW  STRUCTURE 

The  structure  of  the  basic  flow  on  the  experimental  model  was  studied  in  detail  in  [6,7], 
including  the  measurements  by  the  X-  and  W-shaped  double-wire  probes.  In  the  region  of  the 
main  measurements  (a:  =  440  4-  650  mm)  the  potential  flow  velocity  Uq  increased  downstream 
and  reached  at  the  source  position  6.26  m/s.  The  boundary-layer  displacement  thickness  over 
the  vibrator  was  6i  =  1.21  mm,  the  local  Reynolds  number  was  Re  =  t/o6i/v  =  498.  Shown  in 
Fig.  1  is  a  comparison  of  measured  and  calculated  normal-to-wall  profiles  of  the  x*-  and  z*- 
components  of  the  mean-velocity  vector  in  the  boundary  layer.  The  coordinate  system  (a:*,z*) 
is  local  and  the  x*  -  axis  is  directed  along  the  potential-flow  velocity  vector.  It  is  seen  that  there 
is  a  good  agreement  between  the  basic-flow  structure  studied  in  the  experiment  and  in  the 
theory. 

Comparison  of  the  eigen-functions  of  the  normal  cross-flow  instability  modes  is  presented 
in  Fig.  2  for  one  of  the  disturbance  frequencies  and  for  two  different  values  of  the  spanwise 
wavenumber  p*.  The  experimental  points  are  obtained  by  means  of  the  Fourier  decomposition 
of  the  corresponding  wave-train  into  the  normal  oblique  modes. 


Fig.  1.  Comparison  of  experimental  and  theoretical  profiles  of  stream  wise  (a)  and  spanwise  (b)  components  of 
the  mean-velocity  vector. 
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Fig.  2.  Comparison  of  amplitude  (a)  and  phase  (b)  parts  of  eigen  functions  of  nonnal  cross-flow  modes. 

The  figure  demonstrates  a  good  agreement  of  the  experimental  and  theoretical  results.  Fig.  2a 
shows  also  that  the  non-dimensional  distance  to  the  wall  y/d]  =  const  =1.0  used  during  the 
main  receptivity  measurements  corresponds  to  an  approximate  position  of  the  disturbance 
amplitude  maximum  in  they  -profiles. 

4.  INITIAL  SPECTRA  OF  CROSS-FLOW  MODES 

The  shape  of  the  surface  non-uniformity  was  measured  in  the  experiment  and  used  in  the 
calculations  in  order  to  compare  the  initial  spectra  of  the  instability  waves  generated  by  it  in  the 
boundary  layer.  In  the  experiment  the  values  of  the  magnitude  of  the  non-uniformity  were 
chosen  rather  low  (to  avoid  non-linearity)  and  were  equal  to  about  40  to  50  microns. 

Shown  in  Fig.  3  are  four  initial  spanwise-wavenumber  spectra  of  the  cross-flow  instability 
waves  determined  in  the  experiment  and  calculated  at  the  source  position.  These  spectra 
represent  the  boundary-layer  response  to  the  presence  of  the  non-uniformity  and  chamcterize 
the  flow  receptivity.  The  results  are  presented  for  three  different  disturbance  frequencies  (Fig. 

3a,b,c)  and  for  the  zero  frequency,  i.e.  for  the  steady  surface  roughness  (Fig.  3).  It  is  seen  Aat 
the  best  agreement  is  observed  at  the  frequency  /  =  9.02  Hz.  At  higher  frequencies  and  in  a 
range  of  low  values  of  the  spanwise  wavenumber  6i  (from  0  to  about  0.2)  the  theory  gives 
somewhat  greater  values  of  the  initial  amplitudes  as  compared  to  the  experiment. 


Fig.  3.  Initial  spanwise-wavenumber  spectra  of  the  cross-flow  instability  modes  generated  by  unsteady  (a,b,c) 
and  steady  (d)  surface  non-infirmities. 
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For  the  zero-frequency  (i.e.  for  the  surface  roughness)  the  theory,  in  contrast,  predicts 
somewhat  lower  initial  values  of  the  cross-flow  vortices.  However,  and  this  is  of  the  most 
importance,  in  the  range  p'  di  %  0.3  to  0.6,  which  includes  the  most  unstable  cross-flow  modes 
(see  [9]),  an  agreement  between  the  theory  and  the  experiment  is  very  good  in  the  whole 
frequency  range  studied,  including  the  zero  frequency. 

6.  RECEPTIVITY  FUNCTIONS 

The  magnitude  of  the  receptivity  functions  obtained  in  the  theory  and  experiment  are 
presented  in  Fig.  4  for  non-stationary  (f-  9.02  Hz)  and  stationary  surface  non-uniformities. 
The  experimental  and  theoretical  values  of  the  receptivity  response  functions  are  seen  to  be 
close  to  each  other,  especially  in  the  range  of  the  spanwise  wavenumber  corresponded  to  the 
most  unstable  cross-flow  modes.  This  agreement  is  rather  good  taking  into  account  the  extreme 
complexity  of  the  experimental  procedure  of  determining  the  receptivity  coefficients  — 
including  an  extrapolation  of  the  experimental  results  to  the  position  of  the  source  and  to  the 
zero  frequency  of  the  perturbations.  The  results  presented  in  Fig.  4  are  independent  of  the 
shape  of  vibrator. 


Fig.  4.  Receptivity  amplitudes  obtained  for  unsteady  (a)  and  steady  (b)  surface  non-uniformities. 
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Conclusions 

The  method  of  experimental  determination  of  the  receptivity  characteristics  of  the  3D 
boundaiy  layer  is  developed.  As  a  result,  the  quantitative  characteristics  of  the  swept-wing 
boundary-layer  receptivity  to  localized  surface  vibrations  and  non-uniformities  are  obtained  ^d 
compared  with  ihe  theoretical  ones.  A  rather  good  agreement  of  the  experimental  and  theoretical 
receptivity  characteristics  is  found  in  a  range  of  values  of  the  disturbance  spanwise 
wavenumber  and  frequency  corresponded  to  the  most  unstable  cross-flow  instability  modes. 
This  testifies  to  the  correctness  of  both  the  theoretical  and  the  experimental  approaches  and 
gives  possibility  to  perform  quantitative  evaluations  of  the  initial  amplitudes  of  the  cross-flow 
instability  waves  and  vortices  generated  in  the  swept-wing  boundary  layer  by  unsteady  and 
steady  si^ace  non-uniformities. 
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STABILITY  CALCULATION  OF  PRE-SEPARATION  BOUNDARY  LAYER  FLOW 
AT  MODERATE  FREE  FLOW  TURBULENCE 
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Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS 
630090,  Novosibirsk,  Russia 

INTRODUCTION 

Experimental  investigations  [1]  of  the  laminar-tuibulent  transition  on  an  airfoil  at  die 
moderate  tuibulence  of  free  stream  (e  =  0.4%)  showed  that  the  transition  takes  place  by  means 
of  the  development  of  an  instability  wave  packet  analogous  to  one  at  the  low  level  (e  <  0.04%  ). 
At  the  same  time  the  frequency  characteristics  of  that  wave  packet  and  the  growth  of  the 
amplitude  down  stream  differ  one  from  the  other  in  those  two  cases.  The  objective  of  the 
conducted  calculation  was  the  determination  the  reason  discovered  differences,  for  that  the 
stability  of  the  experimental  mean  velocity  profiles  in  boundary  layer  from  [1]  was  studied  by 
the  numerical  method. 


EXPERIMENTS 

The  experiments  [1]  were  carried  out  in  the  T-324  low-tuibulence  wind  tunnel  (IT AM 
SB  RAS)  on  an  airfoil  model  NACA  63-2-615  (span  1  m,  model  chord  b=270  mm,  angle  of 
attack  6°)  at  the  free  stream  velocity  f/oQ=  8  m/s.  Measurements  were  performed  at  two  levels 
of  turbulence  of  the  free  stream:  e  »  0.04%  (regime  1)  and  e  «  0.4%  (regime  2).  The  mean 
velocity  f/(y)  in  the  boundary  layer,  the  amplitude  and  the  frequency  spectra  of  the  pulsation 
were  measured  by  the  hot-wire  anemometer  DIS A. 

Fig.  1  shows  the  experimental  results  based  for  calculation,  that  are  (a)  the  distribution 
of  pressure  coefficient  gradient  /dX,  (here  Cp=2Ap/(pf/oo2),  p  is  the  static  pressure,  p  is 
density  of  air)  and  (b)  the  profile  of  longitudinal  mean  velocity  in  the  boundary  layer  along 
model  chord.  For  both  of  the  considered  regimes  the  pressure  gradient  dCp/dX  is  positive  in  the 
investigation  range  JY=x/h=0.26-0.55,  and  then  the  velocity  profiles  have  an  infiection  point. 
The  exception  is  the  region  at  A'=0.2-0.3  for  the  regime  2,  in  which  the  range  without  a  gradient 
was  formed  by  upon  the  moderate  turbulence  of  the  free  stream.  For  both  of  those  regimes  there 
was  the  separated  bubble  in  the  neighborhood  Ar=0.55  with  the  smaller  size  of  the  bubble  for 
the  regime  2.  The  boundary  layer  for  the  regime  2  was  more  thin,  and  the  inflection  point  was  at 
a  shorter  distance  from  the  wall,  then  for  the  regime  1.  Thus,  the  increasing  of  the  turbulence 
leads  to  the  change  of  the  mean  flow  both  in  the  external  part  of  the  boundary  layer  and  near  the 
wall,  and  in  this  case  the  relatively  stable  region  was  formed  in  the  leading  part  of  the  model 
For  both  of  the  regimes  up  to  ^^=0.55  the  boundary  layer  was  laminar.  The  laminar-turbulent 
transition  takes  place  by  means  of  the  development  of  the  wave  packets  with  the  central 
frequencies  equal /7=406  Hz  and  /2=324  Hz  accordingly  for  the  regimes  1  and  2. 

CALCULATIONS 

The  stability  of  the  laminar  boundary  layer  developing  under  the  gradient  flow 
conditions  were  calculated  within  the  frame  of  the  linear  theoty  of  small  disturbances  growth 
under  the  assumption  of  "local  parallelism"  for  a  two-dimensional  flow.  Two-dimensional 
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disturbances  [J/Cv),VW]exp[i(cu:-caf)]  were  considered  which  were  the  oscillations  periodic  in 
time  with  the  amplitudes  changing  streamwise.  Here  a=ar+i«i  is  the  complex  eigenvalue  to  be 
determined,  is  the  streamwise  wave  number,  -a,  is  the  spatial  growth  rate  of  disturbances 
(the  flow  is  unstable,  while  a/  <0),  o)«2;^is  the  cyclic  frequency  of  the  wave.  The  phase 
velocity  of  the  wave  propagation  along  the  flow  is  Cr^co/cLn  '^=2n/ar  is  the  wavelength.  The 
Orr-Sommerfeld  equation  for  the  disturbance  amplitudes  V(y)  was  solved  [2,3].  Before 
calculating  the  stability,  the  experimental  mean  velocity  profiles  were  smoothed  by  the 
polynomials  of  the  powers,  n=5 . 

Figure  2  shows  the  results  of  calculations  of  the  spatial  growth  rate  -cti(f)  in  various 
points  from  X=0.26  to  X=0.55.  Figure  3  presents  iai)m  (a)  and  /m(b)  of  maximally  increasing 
disturbances  against  the  distance  X  For  both  regimes  at  X=0.26  there  are  not  increasing 
disturbances  in  spite  of  the  presence  of  the  adverse  pressure  gradient  for  the  regime  1. 


a) 


y,mm 


Fig.l.  The  distribution  of  pressure  coefficient  gradient  dCp/dX  (a)  and  the  profiles  u/U(^)  of 
longitudinal  mean  velocity  (b)  in  the  boundary  layer  along  model  chord  at  X-0.26(I);  0.33(11); 
0.41(ni);  0.48(IV);  0.55(V)  for  the  regime  1  (curves  1)  and  regime  2  (curves  2), 
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Downstream  the  unstable  disturbances  region  is  located  in  a  frequency  diapason /=200-500  Hz, 
that  is  typical  for  the  viscous  instability.  For  the  first  time  the  unstable  distuibrnrces  tqipear  in 
the  cross  section  (JKJp)  j«0.29  for  the  regime  1  and  (Ao)2«039  for  the  regime  2.  It  means,  rbar 
the  most  high  turbulence  influence  is  atX=0.33,  where  the  flow  is  stable  for  the  regime  1,  but  it 
is  unstable  for  the  regime  2.  At  ^f>0.41  (in  pre-separated  region)  the  frequency  diapason  of 
unstable  disturbances  is  extended,  by  including  both  the  low  and  the  high  frequoicies  and  die 
growth  rate  -Oi  considerably  increases  (diat  is  the  mechanism  of  the  inviscid  instability  is 
presents),  in  this  case  the  values  (a,')m  for  the  both  regiines  are  little  different 

The  curves (Fig.3,b)  have  a  minimum  at  the  pre-separaticxi  regions,  and  under 


f,kH2 

b) 


Fig.  2  The  spatial  growth  rale  -<*,(/)  at  ^==0.26(1),  0.33(2),  0.41(3),  0.48(4),  0.55(5) 
for  the  regime  1  (a)  and  regime  2  (b). 
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Fig.3.  The  spatial  growth  rate  (-a ,)«  (a)  and  the  fiBquency/ni(b)  of  maximally 
increasing  distuibaiices  against  the  distance  X; 
i ,  /j  -  for  the  regime  1 ;  2,  for  the  regime  2,  f i  h  ^2  -  from  [1] . 

the  incicasing  tuibulence  it  displaces  downstieam  at  the  distance  equal  approximately  the  un¬ 
gradient  pressure  region.  The  value  of  the  frequency  corresponding  to  the  cross  section  of 
the  stability  loss  Xq,  changes  from  (/&)i=400  Hz  (for  the  regime  1)  to  (yo)2=350  Hz  (for  the 
regime  2).  For  reference,  the  measured  central  frequencies  of  the  wave  packets  /i=406  Hz 
(regime  1)  and /2=324  Hz  (regime  2)  are  plotted  in  Fig.3,b  also.  From  this  figure  we  notice 
that  the  calculation  results  correctly  pr^cl  fhe  remove  of  the  unstable  frequency  diapason  to  the 
low-frequency  regiem.  It  ^>pears  under  the  increasing  dirbulence  of  the  free  stream.  Besides,  for 

the  low  tuitwilence  flow  the  numerical  frequency  quantitatively  agrees  with  experimental  date.  A 

gap  between  the  calculated  and  observed  values  is  less  then  2%.  The  mistake  increases  up  to 
8%  feu:  die  regime  2; 

The  phase  velocity  of  disturbances  Cr  and  the  velocity  of  the  inflecticm  point  ui  are 
^own  in  Fig.  4.  A  line  in  the  shaded  region  corresponds  to  the  phase  velocity  (Cr)m  of  the 
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most  increasing  frequency^,.  For  both  regimes,  as  indicated  in  the  picture,  the  inflection  point 
are  displaced  from  the  wall  by  removing  downstream,  and  velocity  uj  increases,  remaining  less 
then  Cr  up  to  X=0.4.  At  .X^.45  the  velocity  «/  and  (Cr)m  aie  aj^woximately  equal. 

The  wavelengths  of  the  most  increasing  disturbances  Aj  obtained  from  the  calculation, 
and  A  experimental  observed  [1]  are  presented  on  Fig.  5.  The  wavelengths  A^  are  realized  fiom 
the  approximate  formula  Afi  «  2jt6  [1].  This  formula  connects  the  boundary  layer  thickness  d 
with  the  unstable  wavelength  A^.  It  is  evident  from  the  presented  curves  that  Aj  correlates  well 
with  Ag  on  beginning  part  of  the  range  of  disturbance  development.  That  it  is  nearly  up  to 
X=0.45  for  regime  1  and  up  to  X=0.50  for  regime  2.  Downstream  the  results  are  separated. 
Also  it  seems  the  value  A  corresponds  to  Aj  that  is  obtained  at  the  cross  section  near  the 
maximum  dCp/dX,  but  not  near  Xq  or  near  dCp/dX=0. 

CONCLUSION 

Thus,  the  calculated  characteristics  of  the  streamwise  development  of  disturbances  show 
that  the  moderate  level  of  turbulence  of  the  free  flow  increases  the  boundary  layer  stability  on 
the  airfoil.  It  makes  itself  evident  in  the  fact  that  the  region  of  the  beginning  of  unstable 
disturbances  removes  downstream.  It  can  be  expected  that  the  frequency  decrease  and 
the 


Fig.4.  The  phase  velocity  of  disturbances  Cr  and  the  velocity  in  die  inflection  point  w/  for 
the  regimes  1  (a)  and  2  (b).  The  shaded  regions  correspond  to  the  phase  velocity  (Cr)m 
of  the  most  increasing  frequencies. 
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Fig.5.  The  wavelengths  of  the  most  increasing  disturbances;  Xj  -  obtained  from  the 
calculation,  A  -  experimental  observed  [1]  and  the  -  realized  from  the  ^proximate  formula 
A^  -  2ji6  [1]  for  the  regimes  1  (a)  and  2  (b). 

increase  of  the  wavelength  of  the  most  growth  distuihances  are  determined,  in  particular,  owing 
to  the  boundary  layer  state  changes  in  near  the  cross  section  under  the  maximum  gradient 
l^essuie. 
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THE  STUDY  OF  SPECIAL  GASDYNAMIC  FEATURES  OF  THE  FLOW  IN  A 
DIAMETER  DISK  PUMP  BY  MEANS  OF  LIQUID  CRYSTAL  THERMOGRAPHY 


V.P.  Fomichev,  S.V.  Khaidarov,  V.N.  Kovrizhina,  S.S.  Pravdin,  G.M.  Zharkova 

Institute  of  Theoretical  &  Applied  Mechanics  of  SB  of  RAS, 

4/1,  Institutskaya  Str.,  630090,  Novosibirsk,  RUSSIA 

1.  INTRODUCTION 

A  great  number  of  various  types  of  pumps  include  friction  pumps  vdiere  the  moving  element 
transits  the  fluid  under  the  action  of  viscous  forces.  As  a  result,  the  mechanical  energy  of  the 
fluid  increases  due  to  the  it^ut  of  external  energy.  The  majority  of  studies  dealing  with  dkV 
friction  punq5s  consider  the  Tesla  pump  construction  [1-3]. 

In  the  present  work,  an  investigation  of  a  diameter  di^  punm  is  performed.  In  contrast  to  the 
Tesla  centrifugal  punq),  the  working  medium  is  sucked  in  from  the  perq>hery  (Fig.  1).  I>evices 
of  this  kind  possess  a  remarkable  peculiarity  in  addition  to  merits  of  t^  frk^n  pumps:  they 
can  be  used  as  flowing  reactors  (e.g.  as  absorbmg  air-conditioners  or  heat  exchangers). 
Because  of  this,  the  effective  working  body  of  the  device  is  its  in^rtant  feature.  This  was 
exactly  the  parameter  of  our  interest.  Thus,  the  local  heat  withdrawal  from  the  disk  heated  at 
the  axes  was  examined.  The  heat  withdrawal  was  determined  from  the  anfllystg  of  the 
tenq^erature  distribution  over  the  radius,  which  was  obtained  by  means  of  the  LC 
thermography  method. 


2.  EXPERIMENTAL  SETUP 

The  experimental  setup  (Fig.  1)  consisted  of  body  7,  horizontal  rotor  2,  and  ii^)ut-output 
channels  3  and  4,  located  together  on  one  side  of  ^  rotor  and  separated  by  partition  5.  The 
rotor  was  a  pack  of  atuminium  disks  6  mounted  on  the  shaft  with  equal  gaps  b  between  them 
with  the  use  of  separating  riiigs  7.  When  the  shaft  was  rotated,  the  gas  passed  ficm  the  suction 
region  to  the  puii5)ing  area  due  to  viscous  friction  in  the  bouiidaiy  layers  on  the  disk  surfeces. 
The  setup  construction  allowed  for  the  variation  of  external  D2  and  internal  Di  diameters  of 

the  disks,  the  gap 
between  them,  the 
separating  plate  height 
h,  and  the  angular 
velocity  of  shaft 
rotation  a>..  An  electric 
heater  was  located 
inside  the  shaft.  For  the 
flow  visualisation  and 
measurement  of  the 
flow  parameters 
between  the  disks,  the 
front  wall  of  the  body 
was  made  of  acrylic 
plastic,  uhich  allowed 
one  to  observe  the 

®  Vf .  FomlckeT,  S.V.  KhaMarov,  VJJ.  KontaMaa,  Si.  Pravdb,  GJW.  Zfcarkora,  1998 
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Fig.  1.1-  body;  2  -  rotor;  3  -  input  channel;  4  -  output  duinnel; 

5  -  separating  partition;  6  -  aluminium  disks;  7  -  separating  rings; 
8  -  LC  indicator 
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tftmppTutiire  distribution  on  the  next  disk  where  a  film  with  LC  indicator  8  was 
placed.  The  rotation  velocity  was  measured  by  a  strobotachometer.  The  ten^jerature 
distribution  over  the  disk  surfiu^  was  visualised  and  measured  by  the  LC  thermogr^hy 
method. 


3.  LIQUID  CRYSTAL  THERMOGRAPHY 
The  methodical  basis  for  panoramic  tenqjerature  measurements  is  formed  by  thermooptical 
efiects  in  cholesteric  LC,  high  sensitivity  of  the  helical  pitch  to  temperature  variation,  and 
associated  changes  in  the  wavelength  of  selectively  reflected  light  with  a  minimum  sensitivity  to 
mechanical  shear.  The  analysis  of  LC  radiation  spectra  reveals  temperature-invariant 
parameters:  positions  of  selective  reflection  extrema  in  red,  green,  and  blue  regions.  The 
registration  of  the  optical  response  of  an  LC  coating  permits  the  obtaining  of  the  surfece 
tftmperatiire  distribution  with  a  high  spatial  resolution,  vdiich  can  be  also  used  to  calculate  the 
local  heat  transfer  coefBcients.  The  inpvX  of  a  TV  image  of  the  surfece  examined  to  a  conqjuter 
and  its  subsequent  digital  processing  eliminates  the  effect  of  subjective  fectors  on  the 
measurement  results  and  increases  appreciably  their  informativeness. 

The  colour  videocamera  was  used  to  register  the  optical  response  of  the  liquid  crystal. 
Individual  TV  frames  were  captured  by  a  special  interfece  called  the  frame  grabber.  An 
analogue  TV  signal  passed  through  correction  circuits,  a  decoder  dividing  it  into  RGB 
components,  and  then  to  an  ADC  where  it  was  converted  to  a  digital  form  and  recorded  to 
buffer  for  further  analysis  and  digital  processing. 

In  true  colour  image  processing,  the  digital  algorithms  built  on  the  general  princ^les  of 
colorimetry  Were  us^.  The  measurement  process  consists  of  determining  the  coordinates  of  a 
colour  point  in  this  or  that  colorimetric  system.  A  three-dimensional  colour  space  is  generally 
used  for  that.  According  to  the  theory  of  three-conqwnent  colour  vision,  the  basic  colours  of 
this  system  are  monochromatic  radiations  with  the  wavelengths  of  760  nm,  546.1  nm,  and 
435.8  nm  (red,  green,  and  blue  spectral  lines  of  mercury  vapour).  This  group  of  three 
independent  basic  colours  determines  the  generally  accepted  colorimetric  system  RGB.  ^art 
fix)m  RGB,  some  other  colorimetric  systems  are  used  in  practice,  they  utilize  both  linear  and 
nonlinear  methods  for  descr^on  of  cotour  videoinformation.  The  choice  of  the  system  of 
colour  representation  depends  on  specific  purposes  [4]. 

For  the  quantitative  descr^tion  of  colour  information,  a  system  of  nonlinear  coordinates  was 
used,  wi^  the  colour  is  e^qjressed  in  terms  of  hue,  saturation  and  intensity  (HSI),  The 
advantage  of  such  representation,  in  particular,  is  that  it  characterises  the  colour  in  terms  of  its 
fiindamental  features  related  to  its  natural  human  perception.  The  point-by-point 
transformation  from  one  basis  to  another  is  performed  by  the  special  formulas 
To  obtain  quantitative  information  fix)m  a  digitised  videofi:ame,  the  calibration  temperature 
dependence  on  hue  T(H)  was  used.  Thin-film  coatings  on  the  basis  of  polymer-encapsulated 
cholesteric  LC  with  different  selective  reflection  bandwidths  (2.9,  2.2,  1.6  °C)  were  used  as 
thermoindicators. 

A  copper  HisV  40  mm  in  diameter  was  used  for  calibration,  the  coating  being  applied  to  its 
polished  surfece.  The  disk  was  installed  inside  body  1  (Fig.l)  for  calibration.  The  disk 
tenqjerature  was  controlled  by  a  water  thermostat.  This  procedure  was  performed  under  light 
conditions  and  geometry  of  the  experiment.  The  study  of  the  calibration  curve  for  different 
image  positions  on  the  disk  (the  influence  of  angular  dependence  of  selective  reflection  of  the 
LG)  diowed  that  the  experimental  data  obtained  in  the  LC  test  region  are  well  reproduced  for 
given  conditions  md  th^moindicator. 
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4.  EXPERIMENTAL  TECHNIQUE  AND  RESULTS 
4.1  Description  of  technique  and  measurements  of  angle-averaged  temperature 
distribution  on  the  disk 

Let  us  consider  a  stationary  problem  of  heat  propagation  over  the  disk  under  the  conditions  of 
possible  heat  withdrawal  from  its  sur&ce:  the  parameters  at  each  point  are  constant  in  the 
stationary  coordinate  system. 

Let  us  firstly  show  that  the  disk  temperature  can  be  assumed  constant  over  the  disk  thickness  A 
within  expe^ental  accuracy,  and,  hence,  the  surfece  temperature  T,  characterises  the 
temperature  inside  the  disk  Tmax.  The  heat  flux  to  the  side  sur&ce  of  the  disk  is  determined  as 
T  -T 

A 

The  following  characteristic  values  were  used  in  the  experiment: y«2000  W/m^  A=200  W/m-K, 
A=\  mm  Then  Tmax-Tj^O.OlK.  Here,y  is  the  heat  flux  density  over  the  disk  cross  section,  X  is 
the  heat  conductivity  of  the  disk  material  (in  our  case,  aluminium).  Thus,  we  will  consider  the 
heat  propagation  over  the  disk  within  the  framework  of  a  two-dimensional  heat  conductivity 
problem.  For  the  purpose  of  determining  the  angle-averaged  characteristics  of  the  flow,  we  can 
pass  to  the  one-dimensional  case. 

Let  us  try  to  solve  the  problem  whether  the  results  of  our  experiment  contain  informatioa 
about  the  heat  removal  from  the  disk  and,  if  so,  on  which  scales  we  can  obtain  this  informatioa 
Let  us  consider  a  set  of  fimctions  determined  on  a  set  of  points  n.  Let  us  assume  the  functions 
<p  I  (Tf)  and  to  be  indistinguishable  if 

n) 

f=i  '  ^ 

where  d  is  the  experimental  accuracy,  N  is  the  number  of  points  on  the  interval  under 
consideration.  Besides,  we  know  the  exact  solution  of  the  heat  conductivity  equation  for  the 
disk  without  heat  removal: 

A7’  =  0 

=  Tir,)  =  T2 

T  ~  Ifl  T  "I"  ^2  (2) 

ln(r, /r2)' ~  Xnir^lr^) 

Taking  any  two  radii  and  appropriate  temperature  values  as  the  boundary  conditions,  we  solve 
problem  (2),  and  then  compare  the  resultant  analytical  solution  in  terms  of  condition  (1)  with 
an  experimental  temperature  distribution  on  this  interval.  If  condition  (1)  is  not  satisfied,  this 
means  that  the  experiment  on  the  chosen  interval  r/  r2  has  information  about  the  heat  removal. 
The  next  question  arises  when  we  obtain  an  interval  where  condition  (1)  is  satisfied  (i.e.,  a 
solution  without  heat  removal  appeared  in  the  class  of  equivalence  determined  by  (1)).  This 
means  that  the  experiment  on  the  scale  under  consideration  (and  lower)  has  no  information 
about  the  heat  transfer .  Now  we  have  to  find  the  reason:  the  real  absence  of  heat  transfer  or 
we  have  a  smaU  interval  characterising  the  threshold  of  spatial  resolution  of  determining  the 
heat  removal  in  our  experiment.  The  following  procedure  allows  us  to  answer  this  question. 
Let  us  construct  all  possible  solutions  of  problem  (2)  in  the  class  of  equivalence  (1)  for  this 
interval.  In  practice,  this  is  done  by  varying  the  boundary  conditions  at  the  interval  ends  within 
the  ex^rimental  accuracy.  The  variation  of  heat  fluxes  corresponding  to  these  solutions 
determines  the  accuracy  with  which  we  can  speak  about  the  absence  of  heat  removal. 
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The  foDowing  setup  parameters  were  used  for  e3q)ermieiits  described  below: 

A==120iim  3*=8inm,  <u“195  8\  The  results  of  using  the  above  technique  are 

presented  in  Fig.  2.  It  shows  e}q)erimental  points,  and  the  solid  line  presents  an  analytical 
solution  to  problem  (2)  on  the  initial  interval,  determined  as  described  above.  It  was  assumed 
S^O.IJL  Points  fiom  the  interval  OA  satisfy  condition  (1).  By  varying  the  boundary  conditions 
at  its  ends  within  we  determine  the  maximum  and  minimum  heat  fluxes  corresponding  to 
analytical  dependences  bebnging,  according  to  (1),  to  the  class  of  equivalence  on  this  interval 

From  this  we  found  that  the  heat 
fluxes  differ  1^  no  more  than  4%. 
Thus,  we  can  say  that  our  experiment 
registers  the  absence  of  heat  removal 
fix>m  the  disk  on  the  interval  OA  (the 
heat  flux  over  the  radius  is  constant 
with  an  accuracy  of  2%).  Because  of 
that,  we  will  further  assume  that  there 
is  no  heat  removal  fix>m  the  disk  on 
this  interval  and  the  temperature  is 
changed  only  due  to  heat  conduction 
over  the  disk  and  heat  withdrawal  (no 
less  than  98%  of  the  heat  flux  entering 
Fig.2  the  disk)  occurs  outside  of  it.  The 

absence  of  heat  removal  can  be  explained  by  the  presence  of  a  stagnant  region,  in  which  the  air 
flow  has  no  radial  velocity  component  for  a  noticeable  convective  heat  transfer  from  the  disk 
(the  heat  removal  due  to  air  heat  conductivity  in  comparison  with  the  disk  heat  conductivity  is 
neglected).  Obviousfy,  the  stagnant  region  is  extended  to  the  overall  region  corresponding  to 
smaller  radii  than  r^;  otherwise,  there  should  be  convective  heat  transfer  from  the  region  r<ro 
to  the  region  r>r/,  which  is  not  possible,  as  is  shown  above.  This  allows  us  to  extend  the 
anafytical  curve  to  the  overall  internal. 

The  pofymer  film  and  a  layer  of  ghie  partfy  insulate  the  LC  from  the  disk  and  permit  the  one  to 
measurement  not  of  the  disk  temperature  but  its  combination  with  the  air  tenperature  to  raise 
the  accuracy  of  determining  the  stagnant  region  position.  Indeed,  the  temperatures  of  the  disk 
and  the  air  are  equal  there.  Thus,  the  temperature  distribution  is  described  by  the  solution  of 
(2).  Let  us  consider  the  behaviour  of  experimental  tenperature  distribution  outside  the 
stagnant  regioa  The  radial  convection  transforms  the  pattern  and  one  no  longer  follows  the 
solution  of  the  heat  conductivity  equation  for  the  disk  without  heat  removal  One  can  see  an 
inflection  in  the  heat  transfer  region  (Fig.2).  This  means  that  the  second  derivative  of  the 
tenperature  changes  sign,  and  a  concave  curve  inside  the  stagnant  region  changes  to  convex 
outside.  It  was  not  seen  if  the  thermosensor  measured  the  disk  tenperature  over  all  the  radius 
(not  only  in  the  stagnant  zone).  Indeed,  the  second  derivative  of  the  disk  tenperature  over  the 
radius  is  invariably  positive.  Taking  into  account  the  above,  we  can  consider  the  external  radius 
of  the  stagnant  region  to  be  equal  to  96  nm 
4J2  Measurements  of  instantaneous  temperature  distribution 

Conplementaiy  experiments  were  carried  out  to  verify  the  assumption  that  tenperature  phase¬ 
averaging  is  allowable.  The  instantaneous  tenperature  distribution  was  registered  by  using  a 
high  speed  shutter  function  (exposure  time  0.0005  s,  frame  rate  25  fys)  of  the  CCD  camera. 

In  this  case,  the  model  surfrice  made  of  aluminium  was  coated  by  a  thermoinsulator  layer 
(thickness  of  about  0.3  mm).  Then  the  LC  film  was  ghied  onto  it.  It  was  necessary  to  achieve 
high  quality  video  images  for  digital  processing  and  temperature  measurements.  Therefore, 
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Fig.  3  Fig.  3  illustrates  some  results  obtained 

by  means  of  this  procedure.  The 
following  setup  parameters  were  used  : 
i>2=360tnm,  A=120mm,  ^=8mm, 

A=120mm,  fi,  =157  s'.  The  flow 
temperature  distribution  in  the  radial 
direction  for  3  angles  is  shown  in  this 
figure.  Discontmuities  in  the 
e!q)erimental  data  take  place  just  at  the 
point  of  two  LC  coatings  connection. 
Besides,  ki  some  regions  the  flow 
^  temperature  is  out  of  range  of  selective 
reflection  for  a  given  LC.  Therefore,  no 

<“*»  were  obtained  there.  The  presented 

distnbutions  were  obtained  by  using  three 
calibrations  T(H)  which  were  approximated  with 
two  linear  fi^tton  in  RO  and  GB  ranges  (Pig.  5). 
^  approximation  error  does  not  exceed  05K 
(LCl),  0.3K  (LC2),  and  0.5K  (LC3). 

It  follows  from  this  figure,  that  the  maximum 
temperature  gradient  of  about  30c  is  observed  in 
the  range  r/R^  =  0.42-0.47.  The  temperature 
l^ient  IS  we^er  in  the  region  of  LC2  and  LC3. 
^  scatter  in  temperature  distributions  over 
different  angles  (fil-fi3)  is  small.  At  the  same  time 
It  shows  the  diflference  between  the  nyut  and’ 
output  flow  ten^xaature  (limit  cases).  Thus  the 
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!.!r  ^5”“®'  stagnation  zone  and  heat  exchai^e  zone  for  both  i^imes  ^ 

*>">*«  the  basis  of  the  suggested  technique  and  its 
Wj^bihty  for  drtennining  some  important  flow  parameters  are  experimentally  validated 
4 J  Measa^ents  of  tempenitiire  distribations  with  the  electric  heater  on^the  disk 
0,?^? ® ^  wrth  the  heater,  located  inside  it  were  canied 
w^lih  of  J!!^i  T*®  was  glued  on  plastic  disk  base  by 

Lm  w‘  ^  i!!^  ^  “f “tin  I^ic  by  thicknei 

•iTJr  ^  ^wn  that  isothenns  place  fo 

the  heater  boundaries  and  on  the  disk  surfece  above  the  heater  is  satis^wE  of 
tegulanty  of  the  heat  fk>w  when  air  flow  is  absent 


<1;  “""“I”  ”f  *«iom  tea  tom  ,.1 

.  .  .  ,,  5.  CONCLUSIONS 

not  so  intensive  as  outside  and  allotved  one  to  determine  its  dimensions. 
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1.  Introduction 

In  turbulent  flow  both  fluid  velocity  and  scalar  quantities,  like  temperature,  density, 
or  concentration,  may  be  separated  into  mean  and  fluctuating  ensemble  average 
components.  The  "turbulence"  of  the  scalar  fields  is  superimposed  on  the  turbulent  velocity 
field  and  both  velocity  and  scalar  quantity  statistics  are  necessary  for  a  complete  turbulent 
heat  and  mass  transfer  description. 

Using  light  sheet  illumination,  the  speckle  photography  (particle  image 
velocimetry)  provides  measurements  of  the  "instant"  (mean  plus  fluctuation  components) 
velocity  field.  Statistical  analysis  of  the  obtained  data  allows  to  determine  turbulence  scales 
directly. 

Unlike  this,  line-of-sight  speckle  photography  measures  the  deflection  angles  of  the 
light  passed  through  the  flowfield  [1-3].  Therefore,  direct  statistical  analysis  of  the 
obtained  data  can  give  us  the  scales  of  this  field  only.  Erbeck  and  Merzkirch  [4]  developed 
mathematical  procedure  of  the  reconstruction  of  3D  density  (or  refraction  index) 
correlation  functions  through  the  obtained  2D  deflection  angle  correlation  functions.  This 
procedure  is  based  on  the  Abel  type  integral  inversion  and  referred  as  ill  posed 
mathematical  problem.  In  this  article  an  example  of  turbulence  scales  reconstruction  is 
given  using  this  integral  inversion  for  the  turbulent  flow  interacting  with  a  shock  wave. 

2.  Experiments 

The  optical  arrangement  for  measuring  the  light  deflection  angles  by  means  of 
speckle  photography  has  been  described  by  Wemekinck  and  Merzkirch  [5].  An  expanded, 
parallel  beam  of  laser  light  is  transmitted  through  the  test  section.  A  lens  focuses  a  plane  in 
the  test  section  onto  a  ground  glass  plate.  A  second  imaging  lens  focuses  a  plane  at 
distance  L  from  the  ground  glass  onto  the  photographic  plate.  On  this  plate  a  speckle 
pattern  is  recorded  that  is  existent  in  the  plane  at  the  small  distance  L  from  the  ground  glass 
plate. 

In  the  double  exposure  speckle  photography  (DESP),  two  speckle  patterns  are 
superimposed  by  recording  two  exposures  on  the  same  photographic  plate.  After 
photographic  development,  the  specklegram  is  scanned  and  interrogated  with  a  thin  laser 
beam.  By  measuring  the  Young's  interferometric  fringe  spacing  and  the  fringe  direction  it 
is  possible  to  determine  two  components  of  the  speckle  displacement  at  each  specklegram 
interrogation  point.  These  values  can  be  easily  converted  into  the  components  of  the 
deflection  angle  of  the  light  passed  through  the  turbulent  field. 

DESP  can  be  applied  for  studies  both  homogeneous  isotropic  turbulence  and 
turbulent  flows  with  a  strong  anisotropy.  In  the  latter  case,  however,  the  construction  of 
density  correlation  function  using  single-projection  measurements  and  integral 
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transformations  [4]  could  give  rise  to  inaccuracies  in  such  reconstruction.  The  more  correct 
approach  in  this  case  is  multi-projection  measurements  and  reconstruction  of  the  local 
turbulence  parameters  using  computerized  tomography.  Nevertheless,  even  in  the  case  of  a 
strong  anisotropy,  it  is  possible  to  obtain  useful  information  about  turbulence  under  study 
using  single-projection  data.  A  good  example  of  turbulence  with  a  strong  anisotropy  is  a 
turbulent  flow  aiter  interaction  with  a  planar  shock  wave.  The  results  of  the  quantitative 
flow  visualization  confirm  that  the  turbulence  under  study  has  strong  anisotropy  and 
demonstrate  a  high  potential  of  speMt  photography  for  turbulence  structure  studies. 

The  experiments  were  performed  with  the  unsteady  air  flow  in  a  shock  tube  of  the 
Essen  University  having  a  quadratic  cross-section  of  100  by  100  mm^.  The  shock 
propagates  into  the  tube,  \riiere  it  reflects  at  the  closed  end.  Integrated  in  the  mechanism 
used  for  destroying  the  diaphragm  is  a  turbulence  grid,  so  that  the  air  expanding  from  the 
compression  tanlc  must  pass  through  the  grid.  Thereby,  a  turbulent  air  flow  with  density 
fluctuations  is  generated  in  the  shock  tube,  and  the  front  of  the  turbulent  regime  coincides 
with  the  contact  front  that  moves  with  the  local  air  velocity  and  separates  the  air  which  was 
originally  in  the  low  pressure  side  from  that  in  the  compression  tank.  The  beam  from  a 
pulsed  ruby  laser  is  expanded  and  collimated  to  form  a  parallel  beam  of  10  cm  diameter. 
After  having  passed  horizontally  through  the  optical  test  section  of  the  shock  tube,  the  laser 
light  illuminates  a  disk  of  ground  glass,  the  speckle  generating  element  in  the  set-up.  A 
plane  in  the  speckle  field,  normal  to  the  optical  axis  and  at  a  distance  of  about  10  mm  from 
the  ground  glass  is  imaged  onto  the  photographic  plate  where  the  speckle  patterns  are 
recorded.  We  image  a  field  of  view  of  about  1 0  cm  in  diameter  with  an  imaging  ratio  of  1 : 1 
onto  the  photographic  plate.  The  first  exposure  is  taken  without  flow  and  it  serves  as  the 
reference  speckle  pattern.  The  second  exposure  with  flow  recorded  on  the  same  plate  is 
taken  at  a  desired  instant  of  time,  as  defined  by  the  instantaneous  position  of  the  moving 
shock  wave.  Due  to  variations  of  the  fluid  density  occurring  in  the  flow,  the  light  rays  in 
the  second  exposure  are  deflected  with  respect  to  the  direction  of  light  propagation  in  the 
reference  exposure,  thus  resulting  in  a  (loc^ly  inhomogeneous)  displacement  of  the  second 
speckle  pattern  in  comparison  to  the  reference  pattern. 

The  double-exposed  speckle  photograph  is  developed  and  then  interrogated  with  a 
thin  He-Ne  laser  be^  in  order  to  determine  the  local  speckle  displacement  A(x,y), 
respectively  the  local  light  deflection  angle  e(3c,y),  via  the  method  of  Young's  fiinges.  This 
ev^uation  is  performed  with  an  automated  system  that,  with  the  presently  used  hard-  and 
software,  can  evaliiate  2500  data  points  per  hour.  The  major  part  of  the  ev^uation  time  is 
needed  for  moving  the  interrogating  laser  beam  mechanically,  i.e.  by  stepping  motors,  from 
one  interrogation  point  to  the  next.  In  most  cases  we  evaluate  a  specklegram  on  a  grid  of 
100  by  100  data  points,  so  that  approximately  4  hours  are  needed  for  the  analysis  of  one 
specklegram  (double-exposure).  The  interrogation  is  done  in  steps  of  0.2  mm  which 

corresponds  to  the  diffraction  limit  of  spatial  resolution  in  our  system,  given  by  , 

with  X  being  the  laser  wavelength  and  being  the  depth  of  the  optical  test  section  in  the 
direction  of  light  propagation  (z-axis).  With  the  pulse  length  of  the  illuminating  ruby  laser 
being  approximately  50  ns,  we  fireeze  in  the  specklegram  the  instantaneous  distribution  of 
the  deflection  angles  e(x,y)  as  caused  by  the  turbulent  density  field.  An  instantaneous 
distribution  of  the  deflection  angles  t(x,y)  is  presented  in  Fig.  1  in  the  form  of  isolines. 

The  two  fields  of  view  shown  in  Fig.  1  are  the  distributions  before  (left)  and  after  (right) 
passage  of  the  shock.  The  distance  fix)m  the  instantaneous  position  of  the  shock  wave  is 
indicated.  The  visible  patterns  can  be  interpreted  as  turbulent  structures,  although  one  must 
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be  aware  of  the  integrating  effect  of  the  optical  line-of-sight  method.  Evidently,  the 
structures  are  more  extended  in  the  y-direction  than  in  the  x-direction  (direction  of  flow), 
which  can  be  taken  as  an  indication  of  the  anisotropy  of  the  turbulent  field.  This  anisotropy 
has  also  been  verified  with  single-exposure  speckle-photographic  experiments.  A  further 
observation  is  that  the  amount  of  light  deflection  increases  after  the  passage  of  the  shock 
(right  side  in  Fig.l),  which  means  that  the  turbulence  intensity  increases.  These 
observations  can  be  quantified  by  determining  the  spatial  correlation  function  of  the 
deflection  angles  in  the  x-y  plane,  see  the  next  section. 


eps  (rad), 


Shock  wave 
position 

Fig.  1.  Instantaneous  distribution  of  the  light  deflection  angles  at  two  positions  downstream 
(left)  and  upstream  (right)  of  the  moving  shock.  X-values  refer  to  distance  from  the 
instantaneous  shock  position.  Deflection  angles  are  measured  in  radian. 

3.  Further  integral  transformations 

Denoting  by  E(x,y)  the  light  deflection  field  in  recording  plane  perpendicular  to  the 
direction  of  the  parallel  light  beam  propagation,  the  vector  value  of  deflection  angle  can  be 
composed  of  two  components,  and 

(1) 

The  correlation  function  for  deflection  angle  field  according  to  its  definition  is 

^.-(5  .'n)  =  (s"(p,9)  •e(;> +5.9  +ii))  (2) 

Here  the  symbol  <...  >  denotes  spatial  averaging.  This  correlation  function  can  be 
composed  of  two  parts: 
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(3) 


fe>il)  =  (e,(p.9)-  E,(P +^.?  +il)) 

and 

In  its  turn,  the  correlation  functions  jR,^(4,T|)  and  can  be  calculated  in  directions 

parallel  (denoted  by  the  symbol  1  )  or  perpendicular  (denoted  by  the  symbol  1)  to 
projections  of  deflection  angles 

R.^^{e=x,T\  =  0)  =  R,^{x)  ;  (5) 

ie.|(6=0,ti=-c)  =  J{^,(T). 
and 

=0.ti=T)  =  ^.^(T);  (6) 

i?.^|(e=T,ti  =  0)  =  «.  ,  (t) 

For  a  finite  number  of  measurement  points  (p^  with  0<pi<?n,  0<qi<n  these  correlation 
functions  can  be  approximated  by  series 

1  w-t 

R.,A-()=  1  ■  ^  (7) 

*  l  +  m—x 
and 

1  Jf-T 

Using  relations  between  density  gradients  and  deflection  angles,  Erbeck  and  Merzkirch  [4] 
has  received  connection  between  density  and  deflection  angle  correlation.  Note,  that  the 
correlation  function  of  density  field  depends  on  three  spatial  coordinates,  namely  ^  r\  and 
For  isotropic  turbulence  the  correlation  functions  depend  on  one  parameter,  t  or  r 
respectively 


and  3D  density  correlation  function  can  be  expressed  through  the  deflection  angle 
correlation  functions  in  the  next  form 


and 
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t 


(11) 


These  expressions  are  very  similar  to  Abel  integral  transform,  when  2D  distribution 
is  reconstructed  by  using  ID  line-of-sight  data  about  sought  parameter.  In  our  particul^ 
case,  using  integrals  (10),  (11)  3D  density  correlation  function  in  a  turbulent  field  can  be 
reconstructed  using  2D  correlation  functions  of  deflection  angles  of  the  light  passed 
through  the  flowfield.  The  usual  assumption  of  2D  isotropy  in  3D  flow  is  used  for  this 
reconstruction. 


The  results  of  the  reconstruction  are  shown  in  Fig.2.  It  is  seen  that  the  spatial 
structure  of  the  turbulent  scalar  (density)  field  in  this  compressible  flow  can  be  visualized 
quantitatively  with  the  applied  optical  specklegram  technique.  The  patterns  visible  in  the 
distributions  of  the  deflection  angle  isolines  are  interpreted  as  large-scale  turbulent 
structures.  The  turbulence  in  the  flow  ahead  of  the  shock  is  anisotropic,  and  it  remains  so 
for  the  first  short  period  after  the  passage  of  the  shock  wave,  with  a  slight  increase  in  size 
of  the  structures.  It  is  evident  that  different  states  of  turbulence  develop  downstream  of  the 
shock,  depending  on  the  out-of-equilibrium  degree  as  caused  by  the  shock  compression. 
The  tendency  towards  an  isotropic  state  at  some  distance  from  the  shock  is  understandable, 
because  the  flow  velocity  behind  the  reflected  shock  wave  is  nominally  (under  pure 


Fig.2.  Two-dimensional  correlation  functions  of  the  light  deflection  angles  •  (on  the  tool 
and  density  (on  the  bottom) . 
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gasdynamic  aspects)  zero.  In  our  interpretation  of  the  visible  results,  however,  we  have  to 
pay  attention  to  the  fact  that  all  optical  signals  are  integrated  along  the  path  of  the  light 
through  the  test  section.  A  direct  comparison  to  results  of  numerical  simulations  is 
therefore  not  possible.  Such  comparison  would  require  a  conversion  of  the  2D  optical  data 
into  3D  quantities  describing  the  turbulence  characteristics  of  the  density  field. 

Tliis  technique  was  used  for  evaluation  of  interactions  of  turbulence  with 
combustion  front  and  with  shock  wave,  see  [6-8].  Energy  spectrum  of  turbulent  density 
fluctuation  was  calculated  using  Fourier  analysis  of  the  obtained  spatial  correlation 
functions.  The  speckle  photographic  results  were  compared  to  the  cold-wire  data  and  good 
agreement  was  obtained. 
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A  self-maintained  electric  discharge  in  a  supersonic  gas  flow  is  of  interest  from  he 
\-ie\\'poinl  of  solving  a  number  of  gasdynamic  problems,  in  particular,  for  controlling 
the  flow  around  aerodynamic  bodies  by  means  of  local  changes  of  physical  properties 
of  the  gas  flow  [I,  2],  The  problem  of  spatial-energetic  characteristics  of  the  discharge, 
however,  is  poorly  studied,  and  there  are  no  publications  with  the  results  of  such 
studies.  This  paper  is  the  first  one  presenting  the  results  of  the  study  of  spatial-energetic 
structure  of  the  discharge,  as  well  as  the  result  of  the  discharge  action  on  the  gas  flow 
around  the  body.- 

A  longitudinal  discharge  was  chosen  for  the  study.  The  construction  of  an  electric 
discharge  device  is  shown  in  Fig, 

l.Body  1  is  located  in  a  ^ 

supersonic  air  flow  (the  Mach 
number  is  M=3.2,  the  static  1 

pressure  is  P=1230  Pa  (9.22  torr), 


the  velocity  is  V=624  m/s).  The 
body  is  a  cylinder  6  mm  in 
diameter  with  a  spherical 
forebody,  which  acts  as  a 
cathode.  Anode  2  is  made  of  a 


L=34,5 


M. 


Fig.  1. 


plate  0.2  mm  thick  and  located  upstream  of  the  body  at  a  distance  of  34.5  mm  from  the 
cathode  in  the  symmetry  plane  of  the  model.  Both  the  plate-anode  and  body-cathode 
are  at  zero  incidence.  A  steady  discharge  is  ignited,  its  burning  time  is  about  20  s  in 
each  experiment. 


A  visually  unifoiro  discharge  is  formed  on  the  treated  anode  plate,  the  boundaries 
of  the  anode  layer  brininess  are  as  sharp  as  on  the  cathode.  A  clearly  mariced  effect  of 
normal  current  density  is  observed  [3]:  as  the  current  increases  (decreases),  the 
discharge  length  along  the  plate  increases  (decreases).  The  discharge  occupies  a 
considerable  portion  of  the  volume  and  has  a  diffuse  form.  This  discharge  can  be  most 
probably  interesting  from  the  viewpoint  of  its  use  in  lasers.  The  discharge  localization 
seems  to  be  of  interest  from  the  viewpoint  of  its  use  in  experimental  gasdynaraics.  For 
this  ^rpose,  the  back  edge  of  the  anode  has  a  linear  step  parallel  to  the  plate  surface 
(see  Fig.  1).  In  this  case  the  discharge  on  the  anode  is  attached  to  the  step.  Such  a 
discharge  was  taken  as  the  basis  for  investigations. 

The  discharge  cross-section  area  increases  from  the  anode  to  the  cathode.  The 
characteristic  current  density  in  the  discharge  column  is  j  «  5  A/cra^,  the  energy 
contnbution  being  approximately  1800  J/g.  A  clear  pattern  typical  of  glowing  discharge 
is  observed  on  the  cathode.  A  cathode  layer  is  formed,  whose  thickness  obtained  by 
photography  is  about  0.3  mm.  The  characteristic  current  density  on  the  cathode  surface 
IS  0.2  A/^  .  The  Hehl’s  effect  is  dearly  pronounced  qualitatively:  the  area  occupied  by 
the  ^owmg  light  on  the  cathode  increases  with  increasing  the  current.  A  photograph  of 
the  discharge  is  shown  in  Fig.  2.  ^ 
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Fig.  2 


The  Schlieren  technique  was  used  for  visualization  of  the  discharge  effect  on  the 
wave  pattern  of  the  flow  around  the  body.  Figure  3  shows  the  SchUeren  picture  of  the 
flow  around  the  body  without  the  discharge.  A  classical  intense  detached  bow  shock 
wave  is  seen.  Figure  4  shows  the  Schlieren  picture  of  the  flow  around  the  body  for  the 
same  experimental  conditions  as  in  Fig.  3,  but  in  the  presence  of  a  disctoge  with 
electric  power  of  200  W.  A  substantial  restructuring  of  the  wave  pattern  of  the  flow  is 
observed.  The  shock  wave  upstream  of  the  blunted  part  of  the  model  practicafly 
vanishes.  The  region  in  which  the  shock  wave  are  not  observed  roughly  comades  with 
the  region  of  discharge  glowing,  having  sUghtly  large  transverse  size  than^he  laUer. 

The  discharge  configuration  is  suitable  for 
studying  the  potential  distribution  along  the  current 
using  electric  probes.  A  standard  measurement 
scheme  was  employed.  Cylindrical  probes  0.04  ram 
in  diameter  were  used.  The  potential  was  almost 
constant  in  the  crossflow  direction.  The  results  of 
potential  measurement  were  independent  of  the  fact 
which  current  meets  the  probe:  positive  or  negative. 

Both  the  anode  and  the  cathode  were  used  as  a 
reference  electrode.  In  fact,  the  potential 
distribution  was  measured  by  the  probes  within  the 
entire  space,  except  for  narrow  near-electrode 
regions  (approximately  3  mm  in  the  cathode  region 
and  5  mm  in  the  anode  region),  which  is  quite 
sufficient  for  constructing  the  electric  field 
distribution  picture  in  the  gap  between  the 
electrodes. 


The  discharge  configuration  is  suitable  for  studying  the  potential  distribution  along 
the  current  using  electric  probes.  A  standard  measurement  scheme  was  employed. 
Cylindrical  probes  0.04  mm  in  diameter  were  used.  The  potential  was  almost  constant 
in  the  crossflow  direction.  The  results  of  potential  measurement  were  independent  of 
the  fact  which  current  meets  the  probe:  positive  or  negative.  Both  the  anode  and  the 
cathode  were  used  as  a  reference  electrode.  In  fact,  the  potential  distnbution  w^ 
measured  by  the  probes  within  the  entire  space,  except  for  narrow  near-electrode 
regions  (approximately  3  mm  in  the  cathode  region  and  5  mm  in  the  anode  region), 
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which  is  quite  sufficient  for  constructing  the  electric  field  distribution  picture  in  the  sap 
between  the  electrodes 

It  was  established  as  a  result  of  potential  measurements  in  various  points  of  plasma 
discharge  (see  the  Table)  that  the  discharge  is  characterized  by  large  values  of  the  near¬ 
electrode  voltage  difference:  approximately  700  V  in  the  cathode  region  and  300  V  in 
the  anode  region.  The  difference  between  the  electrodes  is  100  V  on  the  length  of  26  5 
nun. 


Potential  distribution  from  the  anode  to  the  cathode. 
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Let  us  dwell  upon  the  medium  and  plasma  characteristics.  The  value  of  E/N  (E  is 
the  electric  field  strength,  N  is  the  neutral  gas  concentration)  in  the  anode  region  is 
approximately  120  Td.  A  low  value  of  E«M,  about  20  Td,  is  obtained  in  gaps  brtween 
the  electrodes.  Using  the  data  on  the  electron  drift  velocity  and  energy  versus  E/N  [41 
we  obtain  the  electron  concentration  nc=1012-1013  cm-3  and  the  mean  energy  of 
electrons  *-1.5  eV.  The  particle  balance  equation  for  electrons  can  be  written  as 

di\je=  eV(f4E)-eV(neV)B  -elkiNn,-pne(m+n^)  -  k,Nn,+kjNn^+V(D,Vn.)];  (1) 

where  j. « j  is  the  electron  current  density,  p,  and  e  are  the  electron  mobility  and  charge 
m  Md  are  the  densities  of  electrons  and  negative  ions,  kj,  p,  k.,  kj  are  the  coefficient 
ot  the  Townsend  ionization,  electron-ion  recombination,  adhesion,  and  separation 
respectively  It  follows  from  the  analysis  of  [5,  6]  that  the  adhesion  of  electrons  with  a 
threshold  of  about  5  eV  can  be  neglected.  The  obtained  ionization  frequency  in  the 
disch^ge  column  Vi  a  101  s"'  is  then  clearly  insufficient  to  compensate  for  the  loss  of 
particles  m  the  volume  due  to  electron-ion  recombination  which  occurs  with  frequency 
Vr«  pn,=  105+  106  s  . 


.u  results  agree  with  the  model  in  which  it  is  supposed 

th«  the  dischwge  m  the  volume  is  not  self-maintained,  the  plasma  is  formed  due  to 
^bipolar  drift  of  charged  particles  from  the  near-electrode  regions  [7].  For  low  E/N 
the  electron  mobilities  in  air  and  in  nitrogen  are  close  in  value,  and  they  are 
^roximately  ^ual  functions  of  Em  [4].  Then  the  following  relation  is  obtained  from 
(1),  all  terms  being  neglected  excqit  for  recombination; 


Em«3[3pjx/(P»p*e(^aE))]ia,  ^2) 

where  X  is  the  lon^tutoal  coordinate,  P  is  the  normalized  pressure,  p,  is  the  mob^v 
of  positive  iims.  Substitutmg  into  (2)  numerical  values  corresponding  to  our  conditions 
we  obtam  ^-60  Td.  Taking  into  account  the  adopted  simplifications  of  equation  (1)’ 
this  theoretical  estimate  is  in  reasonable  agreement  with  the  eiqieriment.  However,  this 
dora  not  exclude  the  presence  of  the  multi-stage  ionization  effect,  and  also  ionization 
Which  results  from  collisions  of  excited  nitrogen  molecules  [8]. 
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Thus,  the  following  conclusions  can  be  drawn  from  the  conducted  studies. 

1.  A  result  une^ipected  fn)m  the  classical  viewpoint  [9]  is  obtained:  for  a  supersonic 
flow  velocity  and  fairly  lai^e  between  the  electrodes,  almost  all  voltage  drop  takes 
place  in  the  near-electrode  regions  rather  than  in  the  discharge  volume  (64%  in  the 
cathode  region,  27%  in  the  anode  region). 

2.  The  potential  distribution  in  the  gap  between  the  electrodes  is  adequately 
described  by  the  non-self-maintained  discharge  model. 

3.  The  discharge  reconstructs  substantially  the  supersonic  gas  flow  around  the 
body.  It  induces  the  dissq>ation  of  the  bow  shock  wave  responsible  for  the  main  share 
of  the  body  drag. 
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UNSTEADY  EFFECTS  FOR  A  SUPERSONIC  FLOW  PAST 
A  PULSING  ENERGY  SOURCE  OF  HIGH  POWER 


P.Yu.Georgievsky,  V.A.Levin 
Institute  of  Mechanics  MSU,  Moscow  119899,  Russia 


Introduction 

The  new  principle  of  perfecting  of  aerodynamic  characteristics  of  flying  vehicles  is  associated 
with  a  controlled  modification  of  properties  and  parameters  of  a  flow  upstream  by  means  of 
the  energy  supply.  In  particulM,  the  wave  drag  can  be  essentially  reduced  in  this  way. 
In  terms  of  linear  formulation  it  is  shown  [1],  that  a  supply  of  energy  into  a  segment  ahead 
of  a  thin  body  of  revolution  is  not  less  effective,  than  an  equal  supply  near  the  lateral  surface 
[2]. 

By  means  of  the  energy  supply  to  some  local  region  upstream  of  a  blunt  body  the 
flow  structure  vaiies  radically  [3].  Because  of  large  losses  of  total  pressure  in  a  heated 
wake  downstream  of  the  source,  the  static  pressure  on  a  side  surface  can  exceed  the  one 
at  the  stagnation  point,  so  that  a  front  separated  zone  is  formed.  In  [4]  the  phenomenon 
of  restructuring  a  flow  in  a  shock  layer  near  the  sphere  is  detected,  when  the  slight  energy 
supply  into  a  small  volume  leads  to  fundamental  modifications  of  a  heading  shock  wave. 
Then  the  appearance  of  a  front  separated  zone  results  in  a  considerable  reduction  of  the 
wave  drag.  Simultaneously  a  saved  energy  multiply  exceeds  a  supplied  one. 

In  [5]  the  influence  of  a  local  energy  supply  on  a  supersonic  flow  over  the  axially  sym¬ 
metric  cone  and  in  [6]  -  on  a  3-D  flow  over  the  ogival  form  body  are  investigated.  It  is  shown 
that  for  shai'p  form  bodies  with  attached  heading  shock  wave  a  separated  zone  isn’t  formed, 
but  the  wave  drag  decrease  significantly.  By  means  of  the  correspondent  arrangement  of 
the  energy  supply  region,  the  partial  disappearance  of  the  attached  shock  wave  can  be  ob¬ 
tained.  In  [7]  it  is  shown,  that  the  energy  supply  into  a  shock  layer  near  the  blunt-nose  cone 
allows  one  to  get  the  lift  force  and  the  pitching  moment.  In  [8]  some  results  of  parametric 
calculations  for  a  supersonic  flow  near  the  spherical  bluntness  based  on  full  Navier-Stokes 
equations  for  a  thermal  perfect  gas  are  presented.  It  is  shown,  that  essential  decrease  of 
wave  and  friction  drag  can  be  established  at  the  same  heat  fluxes. 

Experimental  investigations  axe  a  subject  of  particular  interest,  because  allow  one  to 
estimate  a  possibility  of  practical  realization  of  the  suggested  scheme  of  aerodynamic  char¬ 
acteristics  perfecting.  In  [9,  10]  the  longitudinal  electric  discharge  was  used  for  creating  a 
high  temperature  region  in  the  wind  tunnel.  An  appreciable  modification  of  flow  close  to 
the  front  surface  of  a  sphere  and  a  blunt  cone,  which  is  caused  by  detachment  of  the  head¬ 
ing  shock  wave,  is  noted.  In  [11]  the  electric  discharge  was  organized  on  the  body  of  very 
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complicated  form  with  the  front  needle  and  integrated  electrodes.  Numerical  investigations 
of  a  real  experimental  configuration  are  executed.  Though  the  needle  ahead  of  the  sphere 
decrease  wave  drag  itself,  the  additional  effect  from  energy  supply  is  fixed. 

In  [12]  the  new  quasistationary  method  of  heat  supply  to  the  supersonic  flow,  using 
the  strong  optical  pulsing  discharge  formed  by  CO2  l^er  in  pulse-periodic  mode,  is  sug¬ 
gested.  Later  in  [13]  the  flow  over  various  models  are  investigated.  Adduced  photographs 
of  the  flow  structure  and  results  of  direct  measurement  of  aerodynamic  resistance  show  the 
essential  dependence  of  the  energy  supply  effectiveness  on  the  pulse  frequency  repetition.  In 
[14]  conditions  of  [13]  are  numerically  simulated  and  integral  charactenstics  of  the  flow  are 

studied.  ,  . 

In  this  article  the  detaUed  examination  of  a  supersonic  flow  structure  past  the  pulsing 

energy  source  of  high  power  is  performed. 


1  Formulation  of  the  problem  and  the  method  of  nu¬ 
merical  solution 


The  supersonic  flow  past  an  energy  source  of  a  variable  power  is  examined.  The  system 
of  equations  for  a  two-dimensional  unsteady  motion  of  an  ideal  gas  written  in  cylindrical 
coordinates  r,  z  looks  as  follows: 


dT  ^  ^  _ 

It  'd^ dz  ~ 


(1) 


QU 

p  + 

quv 

(e  +  p)u 


QV 

QUV 
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(e  +  p}v 


—gu 

—  QUV 

-(e  +  p)« 


Here  p  is  pressure,  q  -  density,  «,  v  -  velocity  components  along  r  and  z  respectively,  t 
-  time.  Finally,  e  is  the  total  energy  of  a  unit  volume  connected  with  gasdynamic  variables 
by  the  equation  of  state: 


(2) 


The  energy  intensity  for  the  Gaussian  (normal)  type  source  of  a  variable  power  with  an 
efficient  radius  Rq  is  determined  by  the  relationship: 


=  Qo<?’(^)exp 


Specific  parameters  of  the  phenomena  are  7,Poo, ^00, Voo, Qo,  coordinates  r,z  and 
time  t.  To  determine  the  similarity  criteria,  let  us  choose  poo?  ^ooi  ^  as  values  with  indepen¬ 
dent  dimensions.  The  characteristic  combinations  for  our  problem  will  be:  the  specific  heat 
ratio  -  7,  the  Mach  number  -  Moo  =  "^ooi^poo/Qoo)  normalized  intensity  of  energy 

supply  -  Qo  =  0o/2«(poo/^oo)'®^"-  We  would  regard,  that  equations  (1),  (2)  -  are  dimen¬ 
sionless,  where  pressure  and  density  are  divided  by  the  corresponding  parameters  upstream, 
velocity  -  by  {poo/Qcof\  coordinates  -  by  Rq,  time  -  by  il,(Poo/poo)”''  .  In  the  relationship 

(^)-Rq  =  1,  Qo  =  Oo. 
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The  calculating  domain  is  bounded  by  planes  z  =  zo,z  ==  Zk,  by  the  symmetry  axis 
r  —  0  and  surface  r  =  .rb{z).  Surfaces  are  chosen  to  provide  an  undisturbed  flow  at  the 
entrance  cross  section  z  -  zq  and  at  the  upper  border  r  =  n(z).  On  the  symmetry  axis 
r  =  0  the  normal  velocity  u  and  derivatives  with  respect  to  r  are  assumed  to  be  equal  to 
zero.  The  MacCormack  finite-difference  scheme  of  the  second-order  accuracy  with  space 
and  time  was  appHed.  Shock  waves  and  tangential  discontinuities  are  not  specially  allocated 
and  calculated  through  on  detailed  mach  points. 


2  steady  regimes  of  an  energy  supply  in  a  supersonic 
flow 

Assume  that  the  energy  source  is  powered  on  when  t  =  0  at  a  uniform  supersonic  aow 
7  =  1.4,  Moo  =  3.0  (in  that  way  a{t)  =  1,  if  t  >  0). 

Previously  [4],  the  steady  flow  past  the  energy  source  of  a  restricted  power  was  consid¬ 
ered.  The  marching  method  along  the  z  coordinate  was  applied,  so  the  restriction  was  that 
the  flow  must  be  a  supersonic  in  a  whole  calculating  domain.  We  would  mention  such  a  case 
as  subcritical  -  Qq  <  QJ.  Conversely,  when  the  local  subsonic  zone  appear,  we  would  say 
about  a  supercritical  case  and  a  supercritical  power  Qq>  Q%. 

When  the  energy  source  is  powered  on,  the  blast  similarly  increasing  of  pressure  propor- 
honal  to  the  energy  intensity  is  observed.  So  the  pressure  is  normally  distributed  initiaUy. 
^an  the  compression  wave  propagates  from  the  center  of  the  source.  In  supercritical  case 
(Qo  ~  100.0)  the  compression  wave  overthrow,  the  local  subsonic  zone  close  to  the  center  of 
the  source  and  the  strong  heading  shock  wave  are  appeared.  In  subcritical  case  (Qo  =  20.0) 
the  source  pushes  out  g^  to  the  peripherals  and  the  hanging  shock  wave  is  appeared.  Fig.l 
lUustrates  this  effect  -  lines  of  equal  Mach  numbers  are  presented,  the  subsonic  zone  desig¬ 
nates  by  bold  lines. 

Afterward  the  process  stabilized  with  time,  the  ftnal  approach  is  presented  on  fig.2.  In 
subcriticd  case  the  primary  singularity  of  the  flow  is  the  hanging  shock  wave.  It  is  necessary 
to  note  that  no  natural  geometrical  deflections  which  might  exactly  define  an  initial  point  of 
^e  wave  exist  for  the  formulated  problem,  because  the  energy  supply  is  normally  distributed 
On  the  picture  of  equal  Mach  numbers  it  is  clear  that  the  hanging  shock  wave  is  composed 
by  continuous  compression  waves.  In  supercritical  case  the  strong  heading  shock  wave  before 
the  subsonic  zone  bound  the  disturbed  region  -  the  “shock  layer”. 

A  wake  of  heated  low-density  gas  is  formed  behind  the  source  (fig.3).  For  supercritical 
case  the  wake  is  more  wider  and  the  gas  is  more  heated  up  by  the  source  =  0.1  for 
Qo  -  100,  g^  =  0.25  for  Qo  =  20).  Thus  the  more  powerful  is  the  energy  source,  the  greater 
It  s  displacement  effect.  The  pressure  at  cross  sections  downstream  of  the  source  is  gradually 
smoothing  and  at  a  long  distance  p  =  Poo  regardless  of  the  source  power. 

When  the  energy  source  is  powered  off  the  heated  zone  is  carrying  away  by  uniform 
now.  The  subsonic  zone  is  disappearing  instantly. 


3  The  pulsing  energy  source  in  a  supersonic  flow 

Consider  regimes  of  energy  supply  when  the  power  is  time-periodic  function.  For  numerical 
calc^ations  it  was  assumed  that  7  =  1.4,  =  3.0.  The  type  of  energy  source  is  determined 

by  the  function  <T{t): 
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Figure  3;  The  distribution  of  the  density  in  cross  sections  for  steady  flow  (left  Qo  <  Q 
right  Qo  >  QS). 


t.w  t.M  «.oo  *.M  tM  ■4.ee  -t.a  i.M  t.«  Ktt  *.m 

T  =  0,3,t  =  0.1  T  =  0.3,  r  =  0.05 


Figure  4:  Lines  of  equal  Mach  numbers  for  sources  of  “rectangle”  types  for  quasistationary 
mode. 


ifO  <mod(t,T)<T, 

’  \0,  ifT<mod(i,r)<r-T. 

=  I  2?  (^)  '  ifO<mod(t,r)<T, 

lO,  ifT<mod(t,r)<T 

<r{t)  =  1  +  8111 


(4) 

(5) 

(6) 


Sources  (4), (5)  are  powered  at  the  beginning  of  every  period  T  for  a  time  t  and  operates 
at  pulse-periodic  mode.  The  power  of  source  (6)  is  changing  periodically  with  time,  so  that 
supplied  energy  is  always  positive.  The  common  property  for  sources  of  any  type  -  the 
energy  supplied  to  the  flow  during  the  fixed  period  T  is  the  same  as  in  the  case  of  steady 
regime  a(t)  =  1.  For  numerical  calculations  the  supercritical  regime  Qo  =  100  is  selected. 

In  experiments  with  the  pulse-periodic  laser  [12]  for  the  first  time  wm  mentioned  that 
the  character  of  an  influence  of  the  energy  supply  on  a  supersonic  flow  is  depending  on  a 
pulse  frequency  repetition  and  vary  from  essentially  unsteady  to  the  quasistationary.  This 
conclusion  was  drawing  on  analysis  of  photographs  of  the  flow  structure  and  direct  measure¬ 
ment  of  some  integral  characteristics.  The  numerical  investigations  confirm  the  experimental 
results  [12].  The  period  T  is  the  essential  parameter  for  the  pulsing  energy  source.  Altering 
of  T  results  in  quantitative  and  qualitative  changes  of  the  flow  structure. 

For  the  quasistationary  mode  -  T  =  0.3.  It  was  found,  that  the  manner  of  the  energy 
supply  during  the  period  is  not  essentially.  Results  are  not  looks  like  similarly  but  the 
quantitative  agreement  is  observed.  Calculations  were  made  for  sources  (4),  (5)  and  (6) 
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Figure  5:  The  essentially  unsteady  mode  for  the  “rectangle”  source  T  —  1.2,  r  —  0.6. 


Figure  6:  The  transitional  mode  for  the  “rectangle”  source  T  =  0.6,  r  —  0.2. 


with  r  =  0.15,  r  =  O.lj  r  =  0.05.  On  fig.4  lines  of  equal  Mach  numbers  are  presented  for 
the  “rectangle”  source  (4)  in  comparison  with  the  corresponding  supercritical  steady  source 
Qo  =  100.  Pictures  can  be  project  to  each  other  with  hi  accuracy.  The  heading  shock  wave 
is  stable  and  the  every  new  pulse  pump  an  additional  en^gy  to  a  flow  but  not  generate 
compression  waves  in  the  “shock  layer” . 

For  the  essentially  unsteady  mode  -  T  =  1.2.  In  this  case  the  every  new  energy  pulse  is 
accompanied  by  a  “blast”,  which  generate  strong  shock  wave  in  the  “shock  layer”.  Thus  a 
very  complicated  shock  wave  structure  appears.  The  typical  picture  is  presented  on  fig.5  for 
r  =  0.6  (lines  of  equal  Mach  numbers  -  left,  pressure  -  right).  It  is  necessary  to  note,  that 
for  this  mode  the  manner  of  the  heat  supply,  for  example  r  value,  is.  significant  (compare 
fig.2  -  r  =  T  and  fig.5  -  r  =  T/2).  ActuaHy,  the  smaller  is  r  -  the  greater  must  be  energy 
pulse  (4)  in  order  to  the  common  energy  supplied  during  the  period  is  not  varying.  So  every 
“blast”  is  more  powerful  and  shock  waves  are  stronger. 

It  is  necessEiry  to  single  out  the  transitional  mode  (fig. 6).  In  this  case  T  =  0.6  and 
heading  shock  wave  is  stable  with  time.  As  distinct  from  the  quasistationary  mode  the  every 
new  pulse  generate  the  compression  wave  in  the  “shock  layer” .  The  smaller  is  r  -  the  more 
powerful  is  the  wave,  which  leads  to  the  considerable  oscillations  of  gas  dynamics  parameters 
in  the  heating  wake. 
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AND  INTEGRAL  INLET  CHARACTERISTICS 
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INTRODUCTION 

The  research  of  inlet  internal  flow  structure  and  integral  characteristics  is  of  great  extend  for 
the  development  of  ramjet  and  scramjet  propulsion.  An  approach  is  reported  in  this  paper. 
Such  a  technique  allows  to  extend  the  range  of  the  information  obtained  during  inlets 
experimental  investigations  and  reduce  the  duration  of  tests  and  therefore  their  costs. 

The  approach  combines  differ^  types  of  measurements:  quantitative  and  qualitative  ones.  The 
inlet  concerned  in  this  study  was  a  2D  inlet,  whose  internal  channel  was  drosseled  during  the 
experiments  by  means  of  special  drossel  device  of  small  size.  Simultaneously  with  drosseling, 
the  flow  at  the  inlet  throat  and  difi^ser  was  checked  by  the  pressure  distribution,  by  schlieren 
visualisation  trough  the  optic  glasses  on  the  side  waUs  and  finally  by  the  air  rate.  Such  an 
approach  made  it  possible  to  obtain  the  drossel  characteristics,  pressure  fields,  flow  rates  and 
recording  of  the  changes  of  the  flow  picture  in  the  channel  at  its  drosseling  during  the 
experiment.  In  addition,  the  windows  in  side  walls  allowed  us  to  record  a  soot-oil  visualisation 
of  the  flow  in  the  throat  region  during  the  experiment;  that  is,  without  distortion  introduced  by 
the  flow  regime  disruption  at  the  wind  tunnel  stop. 

The  throat  area  was  being  controlled  by  the  height  adjustment  when  the  throat  inserts  or 
number  of  vertical  pylon  were  changed.  As  a  consequence,  the  integral  characteristics  of  the 
controlled  inlet  were  obtained  and  the  range  of  the  inlet  start-up  was  determined. 

A  large  series  of  tests  were  implemented  in  the  hot-shot  wind  tunnel  IT-302M.  It  has  been 
possible  to  obtain  the  inlet  characteristics  for  Mach  numbers  5  and  6  at  a  higher  unit  Reynolds 
number  than  it  was  applied  in  the  wind  tunnel  T-313,  as  well  as  the  range  of  Mach  number, 
which  was  extended  up  to  Mach  8.  The  effect  of  the  cowl  leading  edge  bhihtness  on  the  inlet 
start-up  and  on  the  flow  characteristics  has  been  studied.  The  schlieren  visualisation  pictures  of 
the  flow  in  the  channel  through  the  sidewall  windows  have  been  obtained  thanks  to  a  high¬ 
speed  videocamera. 

The  tests  results  have  been  compared  to  2D  and  3D  numerical  calculations. 


MODEL  AND  EXPERIMENTAL  EQUIPMENT 

The  tests  have  been  carried  out  with  an  already  existing  mock-up,  which  has  been  updated  to 
take  into  accoimt  the  test  specifications. 
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For  example,  optic  glasses  of  big  size  have  been  placed  in  the  vicinity  of  the  inlet  throat  and 
beginning  of  diffuser,  to  be  able  to  visualize  the  internal  flowfield.  The  model  is  presented 
figure  1  : 
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Fig.  1.  Modular  mock'iq). 

Notice  that  the  air  inlet  has  been  chosen  to  carry  out  these  tests  not  in  order  to  reach  good 
performance  (it  is  not  optimised  that  wc^),  but  because  she  was  presenting  a  good  potential 
for  modularity  and  physical  inspections. 

The  following  parts  could  be  replaced  : 

•  the  cowl  (3  available),  to  study  the  effect  of  cowl  length  and  bluntness, 

•  the  throat  insertion  (5  available), 

•  the  ”injection'‘  struts  (4  parts  available,  including  from  3  to  6  struts). 

Pressure  measurements 

•  4  static  pressure  were  installed  on  the  throat  insertion,  along  the  x-axis,  in  the  symmetry 
plane, 

•  a  pressure  probes  rake  was  placed  in  the  throat  region.  It  had  12  total  pressure  probes;  4 
static  pressure  were  located  at  the  same  level. 

Hypersonic  Tests 

The  tests  have  been  carried  out  at  ITAM  SB  RAS  at  Mach  numbers  5,  6  and  8  in  the  hot-shot 
wind  tunnel  IT-302M  and  in  the  wind  tunnel  T-3 1 3  (seven  runs  were  performed  in  this  last  one 
to  verify  the  inlet  starting  and  to  cross-check  the  results  obtained).  The  tests  conditions  are  : 


IT-302M 

T-313 

Mach  number 

5 

6 

8 

5 

6 

Total  pressure  (bar) 

53.6-  59.9 

88  8-93.1 

276.5-407.3 

8.12-8.17 

8.17-8.22 

Temperature  (K) 

894  -  959 

1032  -  1093 

898  -  1309 

410-430 

410-440 

Rex  1  O'®  1/m 

27.39-29.19 

21.53  -23.98 

31.35  -44.46 

13.58-15.41 

8.75-9.41 
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The  tests  have  been  conducted  for  both  ramjet  and  scramjet  cases.  For  the  ramjet  case,  the 
throttling  device  and  the  flowmeter  were  placed  in  the  model. 


NUMEMCAL  CALCULATIONS 

Several  codes  of  different  levels  of  complexity  have  been  used  to  compute  the  2D  air  intake. 
The  codes  extends  from  semi-empirical  to  fully  Navier-Stokes  solvers;  among  the  codes  used, 
are : 

OCEAS 

OCEAS  has  been  developed  by  AEROSPATIALE  [1]  to  assist  engineers  in  the  aerodynamic 
design  of  supersonic  missile  inlets.  It  is  a  semi-empirical  flow  solver  which  uses  simple  physical 
models  that  require  little  CPU  time.  The  code  uses  analytical  formulas  to  compute,  from 
upstream  to  downstream,  oblique  shocks,  expansions  waves  and  th^  interactions  as  well  as 
the  boundary  layer  displacement  effects.  The  flow  is  supposed  to  be  two-dimensional  and 
planar.  Global  parameters  (mass  flow  ratio,  total  pressure  recovery,  Mach  number)  are 
obtained  trough  integration  or  averaging  of  the  flow  in  the  desired  section. 

FLU3M 

FLU3M  is  a  multidomain  solver  developed  at  ONERA  [2][3]  for  the  calculation  of  inviscid  or 
viscous  subsonic  and  supersonic  flowfields.  It  may  use  either  explicit  or  implicit  non  centred 
TVD  scheme  with  MUSCL  approach.  Boundary  conditions  are  taken  into  account  using  either 
compatibility  relations  or  flux  correction. 

In  the  following  calculations  performed  by  AEROSPATIALE,  upwind  numerical  approaches 
are  used  for  the  solution  of  the  compressible  Reynolds  averages  Navier-Stokes  equations. 
Three  approaches  have  been  imdertaken  : 

•  2D  calculations  using  the  Baldwin-Lomax  cell-centre  model, 

•  2D  calculations  using  the  k-8  cell-centre  model, 

•  3D  calculations  using  the  k-e  cell-centre  model. 


COMPARISONS  -  RESULTS 
OCEAS :  quantitative  comparisons 

At  Mach  5,  several  calculations  have  been  implemented  for  the  ramjet  case,  global  performance 
for  two  geometry  are  compared  in  the  table  below : 


throat/cowl  Quantity  Experimental  data  OCEAS  computation  Difference 


0.15 

0.162 

8% 

0.8 

0.841 

5% 

0.135 

0.134 

1% 

0.925 

0.982 

6% 

The  results  between  tests  and  computations  are  quite  close. 

They  are  in  good  agreement,  although  the  code  used  is  "simple”. 
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FLU3M :  quantitative  and  qualitative  comparisons 

The  mesh  generation  of  the  calculated  geometry  is  presented  figure  2  : 


Fig.  2.  Mesh  generation. 


The  chart  below  presents  a  comparison  of  static  pressure  evolution  along  the  x-axis  between 
the  test  and  the  numerical  result : 

•  2D  calculations,  k-e  cell-centre  model  (figure  2), 

•  3D  calculations,  k-e  cell-centre  model  (figure  3)  : 


The  calculations  curves,  for  both  2D  and  3D  calculations,  are  in  good  agreement  with  the  tests 
results;  in  particular,  the  static  pressure  upstream  of  the  separation  and  in  the  separated  zone 
are  correctly  cross-checked. 

For  both  cases,  the  biggest  difference  between  experience  and  tests  appears  just  before  the  end 
of  the  constant  area  cross-section. 

The  figures  presented  hereafter  show  the  Mach  number  and  the  static  pressure  ratio 
distributions  calculated. 

The  code  used  is  the  3D  k-e  cell-centre  model 
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sidewalk  in  the  throat  -  diffuser  region. 


The  observation  of,  on  the  one  hand,  the  ISO  Mach  and  static  pressure  lines,  and  on  the  other 
hand,  the  oil  visualisation  are  in  good  agreement :  the  separation  is  correctly  modelled  through 
the  calculations;  the  shock  coming  from  the  cowl  is  also  comparable. 


Fig  8.  Calculated  streamlines,  using  3D  k-e  model 

This  figure  is  particularly  interesting,  as  it  shows  the  separated  regions  and  the  swirls  (in  the 
diffuser)  The  agreement  with  the  oil  visualisation  is  good 


CONCLUSION 

The  tests  using  "classical”  measurements,  such  as  pressure  measurements  are,  in  a  lot  of  cases 
concerning  air  inlets  tests,  not  sufficient  as  they  are  allowing  only  to  get  its  "global" 
characteristics,  unless  installing  a  lot  of  pressure  probes. 

For  complicated"  geometry,  dominated  by  the  viscous  interactions,  the  optimisation  of  the  air 
intake  means  the  knowledge  of  the  internal  flowfield  behaviour  This  knowledge  can  be 
obtained  in  two  different  ways  :  firstly,  through  numerical  calculations,  using  3D  Navier- 
Stokes  solvers,  and  secondly,  through  tests  using  complementary  measurement  devices  :  the 
schlieren  pictures  as  well  as  the  oil  visualization  movies  are  of  highest  interest  to  describe  the 
internal  flow  throughout  the  working  range  of  the  inlet  accurately. 

The  combination  of  "classical"  and  "qualitative"  measurements  linked  with  numerical 
calculations  can  lead  to  time  and  cost  reductions  for  air  inlets  development. 
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INTRODUCTION 

The  understanding  of  the  process  of  relaminarization  of  a  turbulent  boundary  layer  and 
the  possibility  of  predicting  it  are  important  problems  for  aerospace  engineering. 
Relaminarization  involves  a  decrease  in  heat  transfer  intensity,  which  can  lead  to  an  increase 
in  efficiency  of  nozzles,  turbine  blades,  etc.  The  first  studies  devoted  to  relaminarization  of  a 
turbulent  boundary  layer  were  performed  in  50-60s  [1,  2].  The  flows  in  nozzles  and  behind 
expansion  fans  were  studied  in  these  papers.  The  results  on  decreasing  heat  transfer  intensity 
in  the  boundary  layer  were  obtained  for  the  first  time.  Relaminarization  researches  were  then 
performed  both  for  subsonic  [3-8]  and  supersonic  [9-11]  flows.  These  studies  yielded  the  data 
on  the  boundary  layer  structure  and  averaged  parameters,  pulsation  characteristics  under  the 
conditions  of  favorable  pressure  gradient.  It  should  be  noted  that  the  above  studied  were 
conducted  for  free-stream  Mach  numbers  Moo^3.  Thus,  the  range  of  hypersonic  Mach 
numbers,  for  which  the  designing  of  various  aircraft  elements  taking  into  account  the 
relaminarization  is  especially  important,  remains  poorly  studied.  Theoretical  works  on 
relaminarization  are  based  on  solving  the  Reynolds-averaged  Navier-Stokes  equations  with 
the  use  of  various  turbulence  models  [12-13].  The  purpose  of  numerical  and  experimental 
studies  is  to  create  simple  and  reliable  criteria  of  relaminarization  and  to  develop  numerical 
methods  for  calculating  these  flows.  Several  relaminarization  criteria  are  currently  used  [9, 
13,  14].  They  are  based  on  various  combinations  of  longitudinal  pressure  gradient,  skin 
friction  coefficient,  and  gradient  Reynolds  number.  The  use  of  different  relaminarization 
criteria,  however,  leads  to  contradictory  results.  This  can  be  explained  both  by  inadequacy  of 
relaminarization  criteria  themselves  and  by  contradictory  experimental  data. 

The  objective  of  the  present  work  is  to  obtain  experimental  data  on  relaminarization  of 
initially  turbulent  boundary  layer  under  the  action  of  favorable  pressure  gradient  at  Moo=4  and 
Re, =10-26*  10‘  1/m,  as  well  as  to  evaluate  the  applicability  of  various  relaminarization 
criteria  at  hypersonic  speeds 


EXPERIMENTAL  TECHNIQUE 

The  present  experiments  were  performed  in  the  low-turbulent  wind  tunnel  T-325  of 
IT  AM  SB  RAS.  The  model  was  a  cone-cylinder  body  with  a  60-mm  cone  diameter.  The 
models  with  cone  half-angles  0=10^,  0=15°  were  tested  (Fig.  1).  The  following  quantities 
were  measured; 

-  transition  length  on  the  cone; 

-  static  pressure  on  the  model  surface; 

-  temperature  on  the  model  surface; 

-  total  pressure  in  the  boundary  layer; 

-  mass  flow  fluctuations  in  the  boundary  layer; 

-  skin  friction  [15]. 
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Preliminan'  theoretical  and  subsequent  experimental  estimates  showed  that  under  the 
conditions  of  low-turbulent  wind  tunnel  the  cone  generatrix  length  is  insufficient  for  the 
formation  of  natural  turbulent  bound ar\’  layer.  Therefore,  a  boundary  layer  trip  was  placed  on 
the  cone.  The  conclusion  about  relaminarization  attainment  was  drawn  on  the  basis  of 
analysis  of  velocity  and  pulsation  profiles,  relaminarization  criteria  being  also  applied 


EXPERIMENTAL  RESULTS 


The  pressure  measurements  showed  that  the  pressure  gradient  value  behind  the 
inflection  point  for  the  model  with  0=15®  (Fig.  1)  is  higher  than  the  corresponding  values  for 
by  a 
low- 


the  model  with  0=  1 0® 
factor  of  1.5-2.  A 
pressure  gradient  on  the 
model  with  0=10®  did  not 
allow  the  relaminarization 
process.  It  is  also  seen  that 
a  moderate  increase  of  the 
Reynolds  number  leads  to 
a  substantial  decrease  of 
the  longitudinal  pressure 
gradient.  The  decrease  of 
pressure  gradient  is 
explained  by  a  smaller 
boundary  layer  thickness 

on  the  cone,  which  leads  to  an  increase  of  the  static  pressure  level,  whereas  the  static  pressure 
on  the  cylinder  depends  weakly  on  the  Reynolds  number. 

The  use  of  Schlieren  pictures  allowed  one  to  determine  the  point  of  transition  of  the 

laminar  boundary  layer  on  the  cone  to  a  turbulent 
state.  For  both  models  (with  0=10°  and  0=15°)  the 
distance  between  the  transition  point  and  the  model 
contour  inflection  was  at  least  60  mm,  which  roughly 
amounts  to  100  boundary  layer  thicknesses.  Figure  2 

20  — i - ^ - 1  shows  the  velocity  profiles  upstream  of  the  contour 

inflection  in  the  form  of  the  "wall-wake"  law  for  the 
cone  with  0=15®.  It  is  seen  that  a  turbulent  boundary 
layer  is  formed  ahead  of  the  contour  inflection. 

The  experiments  conducted  in  the  Reynolds 
number  range  Rei=16-26»10^  1/m  for  the  model  with 
0=15®  showed  that  partial  relaminarization  is  realized 
downstream  of  the  inflection  point.  The  near-wall  part 
of  the  boundary  layer  (up  to  0.45)  becomes  laminar, 
while  the  outer  part  of  the  boundary  layer  remains  turbulent.  A  pronounced  effect  of  the  free- 
stream  Reynolds  number  on  the  shape  of  velocity  profile  was  observed  beginning  from  the 
coordinate  X=12-15  mm  (105).  Velocity  profiles  for  X=48  mm  for  the  Reynolds  number 
range  Rei= 16-26*  10^  1/m  are  presented  in  Fig.  3  in  a  logarithmic  scale.  The  solid  line  here 
corresponds  to  the  "wall-wake"  law,  and  the  dashed  line  shows  a  theoretical  profile  of  the 
laminar  Blasius  boundary  layer.  On  the  whole,  the  velocity  profile  shape  for  the  Reynolds 
number  Rei=16*10®  1/m  is  typical  of  the  region  0<X<33  mm  for  all  Reynolds  numbers.  It  is 


L.  Rei=20-10‘ 

□  -  Rei-26M0‘ 

“\\all-w»ke”  law 

_ ..jj 
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Fig.2  Velocit}'  profile  on  the  cone 
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seen  that  the  near-wall  part  of  velocity  profile  is  in  good  agreement  with  the  theoretical 

Blasius  profile,  whereas  a  logarithmic  section 
and  wake  component  are  retained  in  the  outer 
part  of  the  boundary  layer.  The  main  specific 
feature  of  the  flow  at  X=48  mm  is  that  the 
velocity  profiles  depend  strongly  on  the  fi’ee- 
stream  Reynolds  number.  For  the  Reynolds 
number  Rei=16*10^  1/m  the  velocity  profile 
consists  of  two  parts:  thick  near-wall  laminar 
part  and  outer  turbulent  part.  As  the  Reynolds 
number  increases,  the  near-wall  laminar  part 
deviates  at  first  from  the  theoretical  laminar 
profile  (Rei=20*10®  1/m),  and  then  the  boundary 
layer  profile  becomes  fiilly  turbulent 
(Rei=26*10^  1/m).  Thus,  a  conclusion  can  be 
drawn  that  the  free-stream  Reynolds  number 
affects  mainly  the  relaminarization  region 
length,  an  increase  of  the  Reynolds  number 
leading  to  a  decrease  of  the  relaminarized  flow 
region  or  to  its  complete  vanishing. 

An  example  of  the  profiles  of  mass  flow 
pulsations  <m>s  versus  the  longitudinal 
coordinate  is  shown  in  Fig.  4  for  the  fi’ee-stream 
Reynolds  iiumber  Rei=26*10®  1/m.  It  is  seen  that 
the  level  of  mass  flow  pulsations  decreases 
appreciable  (by  a  factor  of  2-3)  immediately 
downstream  of  the  interaction  region.  A  specific 
feature  of  the  boundary  layer  pulsation  profile 
behind  the  inflection  comer  is  that  it  has  two 
peaks  of  pulsations.  One  of  them  is  located  in 
the  outer  part  of  the  boundary  layer,  the  other  is  in  the  near-wall  layer.  The  level  of  pulsations 
at  the  boundary  layer  edge  depends  weakly  on  the  longitudinal  coordinate,  while  the  level  of 
the  near-wall  peak  of  pulsations  rapidly  increases  as  the  longitudinal  coordinate  increases,  and 
at  X=33  mm  it  becomes  higher  than  the 
level  of  pulsations  in  the  fi-ee-stream 
boundary  layer  on  the  cone  (X=-13  mm). 

The  existence  of  the  near-wall  peak  of 
pulsations  is  apparently  due  to  the 
formation  of  a  "new”  layer  directly  behind 
the  inflection  point,  which  can  be 
considered  as  a  singular  point  similar  to  the 
leading  edge  of  the  plate,  which  is 
supported  by  the  total  pressure 
measurements.  The  increase  of  near-wall 
pulsations  can  be  attributed  to  the  transition 
process  in  this  "new"  layer.  The  character  of 
variation  of  the  near-wall  maximum  of 
pulsations  along  the  model  is  shown  in 


Fig.4  Mass  flow  pulsation 


1  10  100  Y* 

Fig.  3  Velocity  profiles  for  X=48mm 
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Fig.  5.  The  decrease  of  pulsations 
immediately  downstream  of  the 
inflection  point  is  approximately 
equal  for  all  Reynolds  numbers.  It  is 
also  seen  that  for  all  Reynolds 
numbers  for  the  model  with  0=15° 
the  magnitude  of  the  near-wall 
maximum  of  pulsations,  beginning 
from  a  certain  value  of  X,  is  higher 
than  the  level  of  free-stream 
fluctuations. 

The  general  analysis  of  the  flow,  obtained  experimental  data  and  the  data  of  other 
authors  testify  that  the  beginning  and  the  process  of  relaminarization  are  determined  by 
nondimensional  complexes  based  on  combinations  of  the  parameters  Ue,  pey  pw»  dUe/dx,  tw, 
x(y),  pe,  Pw,  Te,  Tw,  q,  and  6“.  Several  relaminarization  criteria  are  currently  used  [9,  13]. 
Figure  6  shows  a  comparison  of  experimental  data  of  the  present  work  with  one  of  these 
criteria  based  on  the  relation  Cp/Cfcone  [14],  where  Cp=0.5*(Pcyi-Poooe)/pV^  and 
Cfcone=0.5*Xwcoi»/pV^.  In  accordance  to  this  criterion,  the  relaminarization  occurs  if  the  ratio 
Cp/Cfcone  is  larger  than  75;  if  the  ratio  Cp/Cfcone  is  lower  than  60,  the  flow  remains  tuifrulent. 
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Fig.6  Relaminarization  criteria  Cp/CfeoM 
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Fig.  5  Near-wall  maximum  of  fluctuations  versus  X 


A  transitional  flow  is  formed  within  Cp/Cfcone  =60-75.  It  is  seen  from  Fig.  6  that  the  boundary 
layer  on  the  model  with  0=15°  corresponds  to  the  transitional  region  in  the  entire  range  of 
Reynolds  numbers,  which  is  validated  by  pressure  measurements  and  hot-wire  anemometry, 
while  the  boundary  layer  on  the  model  with  0=10°  is  turbulent.  This  relaminarization  criterion 
takes  into  account  only  the  pressure  difference  and  ignores  the  longitudinal  pressure  gradient. 
Therefore,  it  is  of  interest  to  compare  the  data  of  the  present  work  with  a  criterion  taking  into 
account  the  longitudinal  pressure  gradient.  The  calculated  results  for  the  relaminarization 


criterion  A  =  - 


S  dP 


>50-70  [13]  based  on  experimental  data  of  the  present  work  are 


presented  in  Table  1. 


Table! 


0 

15“ 

10° 

Re*10-*  1/m 

16 

21 

26 

13.6 

A 

55.4 

52.5 

60.9 

18.6 
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Like  previously,  these  results  show  that  the  boundary  layer  on  the  model  with  0-15° 
corresponds  to  the  transitional  regime,  and  the  boundary  layer  on  the  model  with  0=10° 
corresponds  to  the  turbulent  flow. 


A  comparison  with  the  relaminarization  criterion  0,^(Re7)  =  [14]  showed  that 

dx  pJJ] 

in  this  case  the  boundary  layer  on  the  model  with  0=15°  corresponds  again  to  the  transitional 
region  (Fig.  7).  The  maximum  values  of  relaminarization  criterion  correspond  to  the  Reynolds 
number  Rei=16*10®  1/m.  It  can  be  also  noted  that  the  value  of  Qw  depends  on  the  coordinate 
in  which  it  was  calculated. 

Skin  friction  measurements  allow  one  to  determine  the  flow  regime  in  the  boundary 
layer,  since  the  friction  value  is  substantially 
different  in  the  laminar  and  turbulent  layers.  The 
skin  friction  was  found  in  the  present  work  from  the 
results  of  optical  measurement  [15]  and  processing 
of  velocity  profiles.  As  was  shown  above,  the 
boundary  layer  on  the  model  cylinder  in  the  region 
of  relaminarization  is  neither  turbulent  nor  laminar. 

Therefore,  two  skin  friction  coefficients  were 
calculated  on  the  basis  of  velocity  profiles.  The  first 
coefficient  was  found  on  an  assumption  that  the 
velocity  profile  corresponds  to  a  turbulent  flow. 

The  second  coefficient  was  calculated  assuming 
that  the  main  contribution  to  skin  friction  is  formed 
by  the  near-wall  part  of  the  boundary  layer,  which 
is  laminar,  and  the  friction  coefficient  was  found  on 
the  basis  of  velocity  derivative.  An  example  of  skin 
friction  distribution  can  be  seen  in  Fig.  8.  It  is  seen 
from  the  figure  that  a  dramatic  decrease  of  skin 
fiiction  takes  place  immediately  behind  the 
inflection  point.  The  skin  friction  on  the  cone 
depends  on  the  free-stream  Reynolds  number, 
whereas  on  the  cylinder  surface,  where  partial 
relaminarization  takes  place,  the  skin  friction  Fig.8  Friction  force 

depends  only  weakly  on  the  free-stream  Reynolds 

number.  Obviously,  the  near-wall  laminarized  part  of  the  boundary  layer  makes  the  major 
contribution  to  the  skin  friction  value  in  the  relaminarization  region. 
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CONCLUSION 


Thus,  the  following  conclusions  can  drawn  from  the  obtained  results: 

-  experiments  on  two  models  with  6=10°  and  0=15°  showed  that  the  boundary  layer 
relaminarization  takes  place  on  the  model  with  0=15°; 

-  longitudinal  pressure  gradient  affects  strongly  the  origin  of  the  relaminarization  process; 

-  a  composite  boundary  layer  with  laminar  near-wall  and  turbulent  outer  parts  is  formed  in  the 
region  of  partial  relaminarization; 

-  free-stream  Reynolds  number  affects  mainly  the  relaminarization  region  length,  an  increase 
of  the  free-stream  Reynolds  number  leading  to  a  decrease  of  relaminarization  region  length. 
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EXPERIMENTAL  AND  NUMERICAL  SIMULATION  OF  NONEQUILIBRIUM 
IONIZATION  BEHIND  STRONG  SHOCK  WAVE  IN  MARTIAN  ATMOSPHERE 

V.A,Gorelov,  M.K.Gladyshev,  A,Yu.Kireev,  V.G.Tcheburcev, 

S.V.  Shilenkov 

Central  Aerohydrodynamic  Institute  (TsAGI),  140160,  Zhukovsky-3,  Moscow  Region,  Russia 

The  results  of  investigation  of  nonequilibrium  processes,  when  a  strong  shock  wave 
propagates  in  gas  mixture  simulating  Martian  atmosphere,  are  presented.  The  investigation 
includes  the  experiments  in  Arc-Driven  Shock  Tube  and  numerical  simulations.  The 
measurements  of  ionization  parameters  (electron  and  ion  concentrations  iw,  nj  ,  electron 
temperature  Tc)  have  been  performed  over  the  range  of  shock  wave  the  velocity  Vs=4.5  to  9.5 
km/s.  The  data  obtained  during  the  tests  are  used  to  verify  a  numerical  model  of  nonequilibrium 
ionization  behind  a  shock  wave.  A  multitemperature  kinetic  scheme,  that  takes  into  account 
different  models  of  kinetics,  has  been  used  in  the  calculations. 

The  physical  model  of  nonequilibrium  processes  in  hypersonic  shock  layer  under  the  Martian 
atmosphere  entry  conditions  is  verified  with  using  experimental  results  obtained  in  the  Arc- 
Driven  Shock  Tube  (ADST).  In  this  approach  the  ionization  characteristics  of  gas  mixture 
behind  the  shock  wave,  measured  in  the  ADST,  are  compared  with  corresponding  computation^ 
characteristics  obtained  by  the  numerical  model  of  a  strong  shock  wave  (SSW-model). 
Experimental  investigations  have  been  carried  out  in  ADST  where  studies  on  physical-chemical 
processes  behind  strong  shock  waves  with  propagation  velocities  of  4-15  km/s,  have  been 
performing  for  the  last  years  [  1,2  ]. 

A  discharge  driver  chamber  of  ADST  had  ceramic  walls  and  molibden  electrodes.  Driver  gas 
was  helium  heated  by  a  powerful  electric  discharge.  A  low  pressure  driven  channel  represented  a 
glass  sections  structure  with  the  length  about  5m  and  diameter  of  57mm  assembled  by  means  of 
metallic  flanges.  The  structure's  sections  had  a  sealed  lead-in  for  probe  devices  and  ^dows  for 
the  optical  recording.  The  channel  was  preliminary  evacuated  up  to  the  pressure  10"  torr.  A  gas 
mixture,  simulating  Martian  atmosphere,  was  the  medium  under  study  in  the  main  part  of  the 
experiments.  The  simulation  of  the  atmosphere  composition  was  carried  out  by  using  the  mixture 
of  CO2  and  air.  A  certified  carbon  dioxide  (99.9%  CO2)  was  used  .  It  was  delivered  into  the 
ADST  channel  evacuated  up  to  the  pressure  at  which  the  channel  was  filled  with  the  mixture 
containing  CO2  (96%),  N2  (3%),  O2  (l®/o).  The  difference  between  the  mixture  used  and  the  gas 
medium  of  Martian  atmosphere  is  in  the  increased  concentration  of  O2.  However,  the  calculations 
of  the  gas  species  behind  the  shock  wave  front  specially  carried  out  have  shown  that  the  change  in 
the  content  of  O2  before  the  shock  wave  within  0-3%  does  not  actually  influence  the  gas  species 
and  relaxation  processes  behind  the  shock  wave.  The  main  portion  of  the  experiments  was  earned 
out  at  the  pressure  in  the  channel  Pi  =  0.2  (±1%)  torr.  The  velocity  of  shock  wave  propagation 
was  measured  by  a  system  of  photomultipliers  with  the  accuracy  of  2%.  The  investigations  have 
been  carried  out  "within  the  range  of  the  shock  wave  velocities  4. 5-9. 5  km/s.  In  the  studies  on  the 
measurements  of  ionization  parameters  probe  techniques  of  diagnostics  with  required 
characteristics  of  the  resolution  and  range  of  measuring  the  ionization  parameters  ^e  used.  To 
define  ion  and  electron  concentration  the  electric  probes  of  different  type  are  used.  Single  probes 
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with  cylindrical  electrodes  were  installed  parallel  and  normal  to  the  gas  flow  under  study.  Probes 
operated  in  the  regimes  of  gathering  the  ion  and  electron  current.  The  diameters  of  electrodes 
changed  from  0.1  to  0.01mm  (their  length  varies  within  2-5mm  depending  upon  the  type  of  the 
experiment).  All  probes  are  expendable.  To  interpret  the  results  of  probe  measurements  the  data 
of  detailed  studies  on  the  peculiarities  of  the  operation  of  cylindrical  probes  under  conditions  of 
the  supersonic  flow  behind  the  shock  wave  in  the  transitional  Knudsen  regime  are  used  [3]: 
0.1<Kn^l0  ( Kn-Xi,e/rp ,  Xi,e  is  the  length  of  free  path  of  ions  and  electrons,  rp  is  probe  radius). 

For  the  longitudinal  cylindrical  probes  in  the  transitional  regime  the  probe  currents  Je,i  are  related 
with  lie  and  ni  in  the  regime  of  gathering  electrons  and  ions  as  follows: 

Je.l=  je.iSpne,ie(kTc/27Cme.i)®^  (1) 

where  Sp  is  the  area  of  the  probe  electrode,  e  is  electron  charge,  j  e,i  is  the  nondimensional 
current  density  depending  on  the  conditions  of  the  probe  operation  in  the  plasma  under  study, 
which  is  defined  for  the  conditions  of  the  experiment  in  ADST  on  the  basis  of  the  results 
presented  in  [1,3],  where  j  c,\  as  functions  of  Kn  ^  given. 

The  use  of  a  thin  cylindrical  probe  located  normally  to  the  flow  makes  it  possible  to  increase  the 
spatial  resolution  of  the  probe  technique.  In  the  regime  of  a  thin  probe  layer  and  Kn  ^  1  for  the 
coupling  between  Jj  and  ni  with  the  error  not  exceeding  about  20%  the  following  relationxan  be 
used  [3]:  Ji  =  2rplpnieui  (2) 

where  Ip  is  the  length  of  the  probe  electrode,  Uj  -  mass  velocity  of  the  ion  flow  equal  to  the  mass 
velocity  of  gas  u.  The  relation  (2)  permits  to  define  nj  without  introducing  Tc  and  mi ,  but  requires 
the  data  on  the  velocity  u.  When  a  longitudinal  cylindrical  probe  is  used  in  the  regime  of 

gathering  the  electrons  a  strong  function  of  j  «  from  Kn  is  observed  with  the  number  of  the  latter 
less  than  10.  The  ii^uence  of  Kn  can  be  taken  into  account  if  the  electron  free  path  lengths  Xc  are 
known.  However,  j «  may  be  determined  under  experimental  conditions  by  using  simultaneously 
a  pair  of  single  probes  with  different  diameters  di  and  d2  [4].  In  this  case,  for  the  characteristic 
conditions  of  the  experiments  in  the  ADST,  an  approximate  relation  for  je  of  the  second  probe 
can  be  obtained: 

j  c2  =  (1-Jcl/Jc2)  /  ((dl/d2-l)  *  (  Jel/  Jc2))  (3) 

In  (3)  Jci  and  Jc2  are  measured  in  the  experiment  currents  to  the  probe  with  diameters  di  and  d2 , 
respectively.  Using  (3)  through  the  relation  ( 1 )  it  is  possible  to  derive  rw  ,  if  T*  is  known. 

The  measurement  of  electron  temperature  Te  is  required  not  only  for  defining  nej  from  probe 
measurements,  but  is  of  a  special  interest  because  Tc  is  an  important  parameter  iri  determining 
radiation  properties  of  gas.  Besides,  Te  can  be  used  to  verify  numerical  models  of 
nonequilibrium  processes  related  to  the  propagation  of  strong  shock  waves  in  gas  medium  under 
consideration.  TTie  method  of  a  triple  probe  [5]  and  the  experience  gained  in  applying  this  method 
during  experiments  in  the  ADST  [1,6]  are  used  to  measure  T*.  In  [7]  analogous  method  was  used 
in  Arc-Driven  Devices.  A  spatial  resolution  of  the  measuring  system  along  the  flow  velocity 
vector  is  about  0.5mm.  A  resolution  time  of  the  measuring  system  x  -  O.lmks  is  much  higher 
than  the  time  required  for  determining  the  structure  of  a  spatial  charge  of  the  near-probe 
electrodes  (10’*  s). 
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Fig.l  Measured  and  calculated  electron  concentration  in 
quasistationary  region  behind  shock  wave.  Pi  =0.2  ton* 


Fig.l  presents  the  results  of  determining 
ne,i  by  different  probe  techniques.  Here, 
toning  points  correspond  to  the 
measurements  carried  out  in  Martian 
mixture  CO2;  contour  points  represent 
measurements  in  air;  the  curve  1  shows 
computational  equilibrium  values  ne,i  for 
air.  The  measurements  in  air  were  aimed 
at  refining  and  approbation  of  the  probe 
method.  A  satisfactory  agreement  of 
calculated  and  experimental  data  obtained 
for  air  allows  one  to  hope  that  they  can  be 
used  when  conducting  experiments  in  the 
mixture  of  C02+air.  Points  1,2  represent 
the  results  obtained  with  probes  arranged 
parallel  to  the  flow  velocity  in  the  regime 
of  gathering  ions  by  using  the  relation 
(1).  In  this  case  it  was  assumed  that 
was  a  dominating  ion  -  points  1;  for  CO^ 
assumed  as  a  dominating  ion  -  points  2  . 


Points  3-the  results  which  were  obtained  using  probes  of  different  diameters,  operating  in  the 
regime  of  electron  current  (relation  (3))  The  results  marked  as  points  4  were  obtained  by  using  a 
transverse  probe  at  high  velocities  (Vs  >7  km/s).  The  values  u,  Te  used  in  estimating  ne,i,  were 
taken  fi’om  the  calculations  of  these  value  for  the  mixture  97%C02+  3%N2  at  corresponding 
shock  wave  velocities.  Numerical  results  on  electron  densities  in  quasistationery  zone,  where 
measurements  in  ADST  were  done,  are  presented  in  Fig.  1  by  curve  2.  These  calculations  are 
executed  using  our  approach  for  kinetics  validity,  when  numerical  kinetical  model  is  corrected  by 
comparison  with  measured  data  on  ionization  parameters  behind  shock  wave. 

At  elaboration  of  numerical  model  Martian  gas  mixture  in  shock  layer  is  simulated  by  species: 
CO2,  CO,  N2,  CN,  C2, 02,  O,  N,  NO,  NCO,  C,  C^  0^  bT,  Nz^  CO^  02^  and  e.  Under  conditions 
of  a  vehicle  entry  into  Martian  atmosphere  physical-chemical  processes  in  the  shock  layer  ^e  of 
nonequilibrium  nature,  that  is,  the  relaxation  of  the  inner  degrees  of  freedom  of  the  mixture 
species  occurs  in  times  comparable  with  gasodynamic  processes.  Of  a  nonequilibrium  character 
are:  vibrational  relaxation  of  CO2,  CO,  N2,  CN,  C2, 02,  NO  molecules;  dissociation  and  exchange 
reactions;  ionization  and  the  processes  of  charge  exchange.  The  electron  temperature  Te  differs,  in 
general  case,  from  the  translational  T  and  vibrational  temperatures  of  the  molecules  and  is 
defined  from  the  equation  of  the  electron-gas  energy  balance.  It's  assumed  that  molecule 
rotational  degrees  of  freedom  are  assumed  in  an  equilibrium  state  with  the  translational  ones. 

Models  of  physical-chemical  processes 

Vibrational  Molecule  Relaxation 


a).Vibrational  excitation  of  CO2. 

Carbon  dioxide  constitutes  the  main  mass  fraction  (97%)  in  the  undisturbed  Martian  atmosphere. 
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As  the  vibrational  degrees  of  freedom  of  a  CO2  molecule  are  highly  energy-intensive,  its  impact 
on  the  gasthermodynamics  of  nonequilibrium  flow  is  great.  The  CO2  molecule  has  the  following 
vibrational  modes:  symmetric  with  characteristic  vibrational  temperature  0  1903K;  doubly 

degenerated  deformation  0  -  945K;  asymmetric  0  =3339K.  Due  to  Fermi  resonance  a  fast 
energy  exchange  takes  place  between  the  symmetric  and  deformation  CO2  modes.  This  effect 
enabled  in  [8]  to  conclude  that  it  is  possible  to  describe  the  carbon  dioxide  VT-relaxation  with 
using  the  Landau-Teller  equation  and  the  relaxation  time  in  terms  of: 
ln(PTv)=36.5r*^-17.71 

b).Vibrational  relaxation  of  C2,  CO,  CN  molecules. 

For  carbon-containing  molecules  the  times  of  VT-relaxation  have  been  computed  according  to  the 
known  semi-empirical  formula  of  Millikan  and  White  [9]. 

To  describe  the  time  of  VT-relaxation  for  air-containing  molecules,  two  approaches  are  used: 
l).Computation  of  the  relaxation  time  from  the  formula  Millican-White  with  the  following 
parameters:  ( 0  =2359  cm'*  (N2),  0  =1 580cm '*(02)  and  0  =1904cm’*  (NO). 

2).Computation  of  the  relaxation  time  by  the  formulae  allocated  by  the  data  base  of  the 
AVOGADRO  system  [10]  in  terms  of  Pxv  =Arexp(Br*^)  .  Non-physical  description  of  the 
vibrational  relaxation  at  high  temperatures  with  using  the  above  expression  was  adjusted  by 
introducing  the  Park  correction  [11]: 


here  nt  is  the  density  of  the  colliding  particles,  m  is  an  average  mixture  mass,  ov  is  the  collision 
section  av=av’  (50000/Tf  ,  av'=3.10'*’  cm^  (N2,  O2,  NO);  3.10'**  cm^  (CO);  and  1.10'*^  cm^ 
(CO2). 

The  relaxation  time  with  due  regard  for  tp  is  of  the  form: 

T=Tv+Tp 

The  computational  model  makes  use  of  data  on  dissociation  and  exchange  reactions, 
recommended  by  AVOGADRO  and  [1 2]. 

Vibrational-Dissociative  Coupling  (VDC). 

The  vibrational-dissociative  coupling  and  its  impact  on  the  characteristics  of  flow  in  the  shock 
layer  are  taken  into  consideration  using  following  models: 

1) .  Park's  model.  The  model  based  on  replacing  the  value  of  the  translational  temperature  in  the 
expression  for  the  reaction  rate  constant  with  an  effective  temperature  Tef=T*Tv*'*  .  The  varying 
parameter  s  is  selected  by  means  of  fitting  the  computed  data  to  the  experimental  results.  The 
value  s  =0.5  is  used  in  test  calculation. 

2) .  Model  CVDV.  It  is  one  of  the  widely  used  models.  The  effect  of  the  vibrational 
nonequilibrium  on  the  dissociation  is  taken  into  account  through  introducing  the  parameter 
Z(T,Tv): 

k(T,Tv)  =  Z(T,Tv)ko(T)  ;  Z(T,Tv)= where  Tf=  (l/Tv-l/T-l/U)''  ,  U  isan 

VvTy^QC— U) 


empirical  parameter  of  the  model,  D  is  the  molecule  dissociation  energy  of  molecule.  It  is 
assumed  in  our  computational  program  that  U=D/3  and  U=D/8  . 


80 


3).Modified‘N.M.Kuznetsov's  model. 

The  value  of  the  rate  constant  is  determined  in  a  similar  manner  as  with  the  CVDV  model. 
However,  the  parameter  Z(T,Tv)  has  a  somewhat  different  form: 
for  polyatomic  molecules : 
m 

jriQj(T) 

Z(T,Tv)  =  - exp(-Ev‘(-5j5^^ - 1/T));  Q|(T,)  =  (l-exp(-e/Tf))-^  ;  Tf=  T  or  Tvj 

for  a  diatomic  molecules. 

Z(T.Tv)=  exp(.Ev*(l/Tv-l/T)) 

Q(Ty) 

For  CO2  molecule:  m=3,  Gi  =1903K,  d,  -1, 02  -945K,  d2  -2, 83  =3339K,  da  =1,  Ey  =34600K;  for 
diatomic  molecules  Ev  =D/2. 

Ionization  and  Charge  Exchange  Reactions. 

The  computational  model  includes  a  number  of  ionization  reactions  and  processes  of  charge 
exchange  between  neutral  and  positively  charged  components  of  the  mixture.  Electrons  and  ions 
appear  behind  the  wave  front  in  the  associative  ionization  reaction.  The  processes  involving  the 
electrons  are  defined  by  the  reaction  rate  constant,  which  depends  on  the  temperature  of  electrons 
Te-  The  temperature  of  free  electrons  T®  is  derived  from  die  master  equation  for  electron-gas 
energy  balance.  The  electrons  gain  (lost)  their  energy  during  the  reactions  of  the  associative 
ionization,  elastic  collisions  with  heavy  mixture  species  and  nonelastic  collisions  with  exciting 
rotational,  vibrational  (N2  and  CO  molecules)  and  metastable  electron  levels  of  severaJ 
molecules,  dissociation  and  ionization  of  molecules  and  ionization  atoms  by  electron  impact, 
excitation  of  lower  electron  states  of  atoms  N,  C,  O. 


Fig.2  Calculated  temperatures  profiles  behind  shock  Fig.3  Calculated  charge  species  concentration 
wave,  V=8  km/s,  Pj  =0.2  torr  profiles  behind  shock  wave,  V=8  km/s.  Pi  =0.2 

torr 
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The  results  of  test  computations,  can  be  divided  into  two  groups.  The  first  group  includes  the 
data  obtained  when  selecting  the  data  base  of  kinetics,  which  defines  the  vibrational  relaxation, 
the  constants  of  equilibrium  and  rate  reaction.  The  second  group  includes  the  results  proper  for 
computing  the  flow  behind  the  wave  in  Martian  mixture.  This  group  also  includes  the  influence 
of  selecting  some  or  other  kinetical  model  on  the  parameters  of  the  flow  in  the  region  of 
relaxation.  Fig.2  presents  the  profiles  of  the  distribution  of  temperatures  T,  Tvco2  ,  Tvn2  ,  Tyco 
and  Te  behind  the  shock  wave  fix)nt  at  Vs  =8  km/s,  Pi=  0.2  torr.  The  conditions  selected  for 
computations  agree  with  those  existing  in  TsAGI's  shock  tube  ADST.  It  is  not  difficult  to  notice 
in  Fig.2  a  significant  level  of  temperature  nonequilibrium  behind  the  shock  wave  front.  Test 
results  of  computing  charged  gas  species  in  the  zone  of  relaxation  for  the  conditions  of  Fig.2  are 
presented  in  Fig.3. 

This  work  has  been  supported  by  International  Science  and  Technology  Center  (ISTC) 
through  Project  #  036. 
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ORIGINATION  AND  DOWN-FLOW  DEVELOPMENT  OF  THE  LONGITUDINAL  LOCALIZED 
DISTURBANCES  (•'PUFF''-STRUCrURES)  IN  SOME  BOUNDARY  LAYERS 

G.R.  Grek,  V.V.  Kozlov,  D.S.  Sboev 

Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS, 

630090  Novosibirsk,  Russia 

1 .  Introdoction .  This  paper  deals  with  some  aspects  of  the  receptivity  problem  in  boundary 
layers  (BL)  subjected  to  high  level  of  free  stream  turbulence  (FST),  Transition  in  a  such  BL  occurs 
allow  Reynolds  numbers  for  which  all  eigenvalues  are  stable.  Consequently,  there  must  be  some 
other  amplifying  mechanism  of  importance,  than  Tollmien-Schlichting  instability.  A  powerful 
candidate  to  explain  observed  phenomena  is  so-called  transient  or  algebraic  growth  (see  [1]  for 
critical  review).  An  important  ingredient  in  transient  growth  is  three  dimensionality  of  the 
disturbances.  In  an  experimental  field,  it  was  Grek  etai  [2],  who  were  first  to  found  disturbances 
similar  transients-disturbances  in  the  theory.  They  showed  that  three  different  types  of  disturbances 
could  be  obtained  from  a  point  source  positioned  inside  flat  plate  BL.  Beside  the  TS-wave  packet 
and  turbulent  spot,  the  third  type  of  disturbance  was  found.  The  spanwise  spreading  of  this 
structure  was  remarkable  small  throughout  its  evolution  (in  contrast  to  TS-wave  packets).  It  was 
named  the  "boundary  layer  puff".  In  [3],  following  the  early  ideas  by  [2],  an  artificial  localized  free 
stream  disturbance  was  used  to  study  the  BL  receptivity.  Appearance  of  the  "puff-structures  was 
found  as  a  result  of  the  interaction  of  a  free  stream  disturbance  with  the  leading  edge  and  flat  plate 
BL.  It  was  in  close  similarity  to  the  "streaky  structures"  in  the  "natural"  transition  at  high  level  of 
FST  (for  instance  [4]).  The  "puff"  consisted  of  a  long  and  narrow  streaks  of  positive  and  negative 
disturbance  velocity  in  u  -component  with  streaks  symmetrically  located  to  the  centerline. 

A  free  stream  disturbances  in  [3]  has  been  orientated  along  flow.  In  practice,  especially  for 
anisotropic  FST,  one  can  expect  the  vortices  be  randomly  orientated  to  the  flow  direction.  Another 
important  element  of  the  receptivity  process  is  mean  flow  conditions  close  to  the  leading  edge  of  a 
model.  The  aims  of  the  present  study  were  in  investigation  the  receptivity  of  different  BLs  to  free 
stream  localized  disturbances  orientated  at  various  angles  to  the  flow.  All  the  experiments  were 
conducted  in  the  same  conditions,  i.  e.  the  free  stream  speed  and  disturbances  source  were 
invariable.  The  changing  mean  flow  has  been  achieved  by  changing  of  models. 

2 .  Experimental  set-up.  The  experiments  were  performed  under  controlled  conditions  in 
the  MT-324  wind  tunnel  at  the  IT  AM.  A  general  sketch  of  the  set-up  is  shown  in  Fig.  1.  The 
experiments  were  carried  out  on  a  flat  plate,  a  straight  and  swept  wing  models.  The  wings  has  one 
of  the  same  cross-section.  The  angle  of  attack  was  -3°  for  straight  wing  and  -8°  for  swept  ones.  All 
measurements  were  undertaken  at  the  free  stream  speed  (t/„  )  6,6  ms~^  as  in  [3].  The  FST-level 
was  0,1%. 

A  vortical  perturbations  was  generated  in  the  free  stream  by  introducing  a  short  duration  jet 
through  a  pipe  mounted  in  the  vicinity  of  the  leading  edge,  as  shown  in  Fig.  1.  The  pipe  was 
slightly  inclined  in  the  normal  direction  at  the  angle  18°  to  the  X  axis.  It  can  be  installed  at  the 

various  angles  0  to  the  X  axis  in  (X,Z)-plane.  A  disturbance  was  produced  by  a  loudspeaker 
located  below  test  section  and  connected  to  the  pipe  with  a  flexible  tube.  The  loudspeaker  was 
driven  from  the  amplified  output  of  a  function  generator.  The  pulse  amplitude  was  kept  constant  in 
all  measurements.  The  pipe  was  positioned  below  stagnation  streamline  and  no  effect  of  the  wake 
could  be  detected  in  the  undisturbed  BL.  The  disturbances  were  registered  using  a  constant- 
temperature  anemometer  with  the  single-wire  probe. 

3.  Re  salts.  Fig.  2  shows  the  outer  disturbances  streamwise  velocity,  measured  in  the 
spanwise  direction  at  X-position  of  2  mm  from  the  pipe  end  without  any  model  in  the  test  section. 

In  the  case  of  0  =  0°,  the  disturbance  is  orientated  along  flow  and  dominated  by  a  positive 
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pertu^ation  in  u.  For  the  case  0  =  40°,  the  disturbance  consists  of  two  regions  of  positive  and 
negative  perturbations.  However,  the  plot  in  (Z,t)-plane  do  not  adequately  represents  the  structure 
of  disturbance  with  6  =  40°  in  (X,Z)-plane  cause  by  its  non-zero  propagation  speed  in  spanwise 
direction.  From  analysis  a  different  data  (not  shown)  it  was  concluded  that  the  disturbance  is 
orientated  as  whole  at  some  angle  to  the  flow.  At  this  position  the  perturbations  amplitude  is  rather 
high.  However,  the  amplitude  of  the  outer  disturbances  decays  quickly,  and  close  to  leading  edge 
its  peak-to-peak  value  is  about  20%  of  for  0  =  0°  case  and  10%  for  0  =  40°. 


Fig.  1.  Outline  of  experimental  set-up. 


Fig.  2.  Isocontours  of  streamwiseperturbation  velocity  of  the  outer  disturbances 
obtained  for  0  =  0°(a)  and  0  =  40°  (b).  Solid  and  dashed  lines  represent 
positive  and  negative  contours  respectively.  The  "step"  is  contour  spacing, 


Fig.  3  shows  the  distributions  of  u  in  BLs.  As  can  be  observed,  symmetrical  disturbances 
in  the  BL  were  generated  in  both  the  flat  plate  and  straight  wing  BLs  (see  Fig.  3a  and  c)  when  the 
propagating  along  flow  outer  disturbance  were  used.  For  the  flat  plate  BL  case  the  good  agreement 
^tween  present  results  and  those  in  [3}  were  obtained.  Such  synunetrical  disturbances  in  the 
following  referred  to  as  "symmetrical  pufF  (SP).  New  type  of  the  disturbances  in  2D  -  BLs  was 
fomed  as  the  outer  disturbances  were  introduced  to  a  stream  at  the  angle  to  the  flow  (see  Figure  3b 
and  d).  It  consists  of  only  two  streaks  of  the  positive  and  negative  perturbations  located  side-by- 
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side  in  (Z,t)'plane.,  This  disturbance  has  the  same  integral  characteristics  as  the  SP,  i.e.  the 
downstream  propagation  speed  of  its  leading  edge,  the  localization  and  small  spreading  in  the 
spanwise  direction  etc.  Such  disturbances  in  the  following^  referred  to  as  "asymmetrical  puff" 
(ASP).  Our  results  on  ASP  characteristics  are  in  close  similarity  with  the  channel  flow  DNS  [5].  It 
should  be  noted  that  although  the  perturbation  amplitude  is  high  close  to  ^  leading  edge,  ^ 
downstream  development  the  puff  shows  a  slowly  decaying  amplitude,  without  any  changes  in 
the  disturbances  structures.  It  is  because  the  nondimensional  units  were  used,  that  length  to  width 
ratio  of  the  disturbances  is  not  correctly  described  in  Hg.  3,  but  should  be  stretched  in  X-direction. 

As  one  can  see  from  Fra.  3  in  the  strai^t  wing  model  BL  both  the  SP  and  ASP 
disturbances  shows  greater  spanwise  scale  both  in  the  normalized  and  physical  units  than  the  ones 
in  ^  flat  [date  BL  at  the  same  experimenral  conditions.  Hence,  it  is  obviously  due  to  the  different 
mean  flow  conditirais  close  to  the  leading  edges  of  the  models.  In  particular,  the  BL  thickness  clc^ 
to  the  leading  edge  of  the  wins  is  larger,  it  might  be  resulted  in  larger  spanwise  scale  of  Uie  initial 
region  of  perturbation  inside  me  BL.  The  measurements  indicate  that  the  main  characteristics  of  die 
disturbances  development  is  not  affected  by  streamwise  pressub  gradients. 
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Fig.  3.  Isocontours  of  streamwise  perturbation  velocity  of  the  BL  disturbances. 
(a,b)  Flat  plate  BL.  (c,d)  Straight  wing  BL.  (e)  Swept  wing  BL.  Contour 

spacing:  0,0025C/. .  (6  is  the  local  BL  thickness) 
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In  the  Fig.  3e  the  disturbance  in  swept  wing  BL  is  shown  for  0  =  0®  case.  In  comparison 
with  the  straight  wing  its  main  feature  is  asymmetrical  structure  in  horizontal  plane.  It  is  probably 
due  to  the  presence  of  cross  -  flow  in  the  such  3D  -  BL.  From  measurements  [3j  of  v  and  w 
components  of  velocity  it  is  following  that  spanwise  component  directed  outwards  from  centerline 
of  SP  disturbance.  The  sketch  of  perturbations  streamlines  in  (Y^)  -  plane  is  shown  in  Fig.  4.  The 
cross-flow  leads  to  suppress  of  spanwise  motions  directed  against  it  and  this  resulted  in 
asymmetrical  disturbance  generation.  When  initial  disturbance  is  propagating  at  some  angle  to  the 
flow  in  the  2D  -  BL,  the  mean  flow  also  could  be  decomposed  in  two  components  as  shown  in 
Fig.  4.  In  this  case  the  “cross”-component  also  leads  to  asymmetrical  disturbance  generation. 


3D  BOUNDARY  LAYER  2D  BOUNDARY  LAYER 


Fig.  4.  On  the  asymmetrical  disturbances  generation. 

Spectral  decomposition  of  the  spanwise  u  -distributions  given  in  Fig.  2  and  3  are  shown  in 
Fig.  5.  The  transformed  distributions  are  displayed  as  amplitude  spectra  in  the  frequency  (0  - 

spanwise  wave  number  (p)  domain.  In  order  to  provide  the  possibility  for  direct  comparisons 
between  different  measurements,  the  size  of  the  transformed  time  and  space  domain  is  always  kept 
constant.  The  perturbation  energy  for  the  free  stream  disturbances  is  spread  over  wide  range  of 

frequencies  and  spanwise  wave  numbers.  The  spectrum  of  the  free  stream  disturbance  obtained  at  0 

=  40®  is  dominated  by  oblique  waves,  whereas  the  spectrum  obtained  at  0  =  0®  is  dominated  by 
plane  waves.  All  of  the  spectra  inside  the  BL  show  a  concentration  of  energy  to  low  frequencies, 
dominated  by  two  peaks  which  have  the  different  wave  numbers  for  the  different  spectra.  The  main 
difference  between  spectra  of  the  SP  and  ASP  disturbances  is  the  smaller  spanwise  wave  number 

(Pmax)  that  is  observed  for  the  major  peaks  in  the  spectrum  of  ASP  (Fig.  5c  and  d).  The  wave 
number  Pmax  corresponds  to  a  dominant  spanwise  wave  length  Xz-  The  development  of  the  ratio 

Xz/6  (6  is  local  BL  thickness)  are  plotted  as  function  X  in  Figure  6a.  Also,  one  can  see  the  smaller 
spanwise  scale  of  the  disturbances  in  flat  plate  BL  than  those  in  the  wings  BLs.  It  is  in  agreement 
with  the  larger  distance  between  streaks  in  (Z,t)-plane.  The  spanwise  scale  of  swept  wing 
disturbances  is  about  three  times  larger  than  those  in  straight  wing.  The  reason  of  it  are  yet 
unknown  for  further  investigation.Fig.  6b  shows  the  downstream  development  of  the  straight  wing 
model  SP  dominant  wavelength  together  with  those  obtained  by  [3].  The  each  curve  was 
normalized  by  its  value  at  X  =  160  mm.  Despite  the  presence  of  a  pressure  gradients  in  wing  model 
BL  it  is  shows  the  good  agreement  between  the  curves.  It  seems,  that  downstream  development  of 
the  dominant  wavelength  is  independent  from  presence  of  a  the  pressure  gradients. 
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Fig.  5.  Spectral  decomposition  (f,p)  for  different  spanwise  distnbutions.  The  free  stream 
disturbances:  0  =  0®  -  a),  0  =  40®  -  b).  The  flat  plate  BL:  0  =  0®  -  c),  0  =  40®  -  d). 
The  straight  wing  BL,  0  =  0®-  e).  The  swept  wing  BL,  0  =  40°  -  f ). 


a) 


Fig.  6.  Downstream  development  of  the  dominant  wavelength,  0  =  0®. 


4.  Conclosions.  The  results  shown  in  above  can  be  summarized  as  fellows: 

(i)  A  controlled  free  stream  peiturbations  with  the  various  orientation  and  propagation 
direction  relatively  to  the  flow  has  been  used  to  generate  a  localized  boundary  layer  msturbances 
Cpufr-structures).  The  latter  shows  a  simple  structure,  consisting  of  streaks  of  positive  and 
negative peiturbations  in  the  u  -  component. 

(ii)  The  various  orientation  and  propagation  direction  of  the  free  stream  disturbances  can 
leads  to  origination  in  the  boundary  layer  of  the  "pufT-disturtances  with  asymmetrical  structure  in 
(Z,t)-plane. 

(iii)  The  mean  flow  characteristics  in  vicinity  of  the  models  leading  edge  is  crucial  fcM*  die 
bound^  layer  recepti^ty  to  the  localized  free  stream  disturbances.  In  present  8et>up  the 

rwise  scale  of  the  disturbances  in  the  straisht  wing  model  boundary  layer  is  two  times  larger 
in  the  flat  plate  case.  The  cross-flow  leads  to  asymmetrical  disturbances  genersdon  in  swept 
wing  boundary  layer,  whereas  the  genersdon  of  symmetrical  disturbances  take  place  on  strsi^ 
wing  at  the  same  experimental  condidons. 

This  work  was  supported  by  the  Russian  Basic  Sciences  Foundadon,  grants  No  96-01- 
01892  and  No  96-15-96310. 
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METHOD  OF  PHASED  ROUGHNESS  FOR  DETERMINING 
THE  ACOUSTIC  RECEPTIVITY  COEFFICIENTS 

A.V.  Ivanov,  Y.  S.  Kachanov,  D.B.  Koptsev 

Institute  of  Theoretical  and  Applied  Mechanics,  630090,  Novosibirsk,  Russia 

1.  INTRODUCTION 

The  paper  is  devoted  to  an  experimental  investigation  of  the  problem  of  laminar-turbulent 
transition  in  3D  boundary  layers  on  swept-wings.  In  various  practical  situations  the  aircraft 
surface  vibrations,  steady  surface  nonuniformities  (roughness,  waviness  and  so  on),  and 
acoustic  perturbations  represent  the  most  important  sources  of  the  instability  waves  which  can 
lead  to  a  premature  transition  to  the  turbulence.  In  recent  experimental  studies  in  this  field  the 
receptivity  of  a  swept-wing  boundary  layer  with  respect  to  the  surface  vibrations  and  steady 
surface  non-uniformities  was  studied  in  detail  [1,2].  The  present  experiments  are  devoted  to  a 
quantitative  investigation  of  a  generation  of  the  cross-flow  instability  modes  by  acoustic  waves 
in  the  presence  of  stationary  surface  non-uniformities. 

It  is  known  that  the  acoustic  perturbations  can  be  most  effectively  transformed  into  the 
instability  waves  on  different  localized  non-uniformities,  in  particular  on  the  wing  surface  non¬ 
uniformities.  In  previous  experiments  [3,4]  it  was  failed  to  find  an  excitation  of  some  cross- 
flow  instability  modes  (significant  for  transition)  by  acoustic  waves.  At  the  same  time, 
theoretical  investigations  (see  [5,6])  show  that  the  mechanisms  of  generation  of  the  cross-flow 
instability  wave  by  acoustics  do  exist  and  they  can  play  a  significant  role  in  the  transition 
process  under  certain  flow  and  disturbance  conditions.  In  the  experimental  study  [7]  a 
generation  of  the  cross-flow  instability  modes  by  an  acoustic  wave  scattering  on  a  localized 
surface  vibration  was  found  and  investigated  quantitatively  for  the  first  time. 

On  of  the  main  difficulties  of  the  experiments  on  the  acoustic-roughness  receptivity  consists 
in  a  problem  of  an  extraction  of  a  relatively  weak  instability  mode  in  the  presence  of  powerful 
signals  attributed  to  the  acoustic  wave  itself  and  to  the  vibrations  of  the  hot-wire  probe  and  the 
experimental  model  (due  to  an  influence  of  the  acoustics)  which  have  the  same  frequency  as  the 
instability  wave.  This  problem  is  especially  difficult  when  investigating  the  3D  instability 
waves  in  the  3D  boundary  layers,  as  in  the  present  case.  An  idea  of  the  present  work  consists 
in  a  simplification  of  this  problem  by  means  of  designing  of  a  special  roughness  that  would 
generate  (in  the  presence  of  the  acoustics)  a  single  normal  cross-flow  instability  mode  inclined 
at  a  certain  angle  to  the  flow  direction,  i.e.  with  a  certain  value  of  the  spanwise  wavenumber 
pl.  Such  a  rou^ness  can  be  easily  arranged  in  a  completely  uniform  flow  in  a  form  of  a  strip 
pasted  onto  the  surface  at  a  necessary  angle.  However:  (i)  the  swept-wing  boundary  layer  is 
not  uniform,  (ii)  the  typical  inclination  angle  of  such  a  strip  has  to  be  very  large  for  the  most 
unstable  cross-flow  mode  (around  85°)  that  suggests  a  very  big  length  of  the  strip  if  we  want  to 
obtain  a  real  normal  mode  that  would  be  uniform  along  the  span  rather  than  localized.along  the 
span,  and  (iii)  a  streamwise  length  of  the  strip  has  to  Iw  short  enough  if  we  want  to  investigate 
the  localized  (along  the  chord)  receptivity.  These  three  circumstances  make  the  problem  quite 
difficult.  A  "phased  roughness"  designed  and  used  in  the  present  experiments  gives  possibility 
to  solve  all  these  problems  and  to  obtain  quantitative  experimental  data  on  the  localized  acoustic 
receptivity. 

2.  EXPERIMENTAL  PROCEDURE 

The  experiments  were  conducted  in  a  low-turbulence  subsonic  wind-tunnel  T-324  of  the 
Institute  of  Theoretical  and  Applied  Mechanics  at  the  experimental  conditions  that  were 
approximately  the  same  as  in  the  previous  investigations  devoted  to  the  cross-flow  receptivity 
[1,2,7]  and  the  cross-flow  stability  [8,9].  The  model  represents  a  flat  plate  with  the  leading  and 
trailing  edges  having  a  sweep  angle  x  =  25.0°.  The  3D  pressure  gradient,  directed  normally  to 
the  plate  leading  edge,  was  induced  by  a  3D  contoured  wall  bump  (which  had  the  same  sweep 
angle)  mounted  just  above  the  plate  surface  on  the  test-section  ceiling. 
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Design  of  "phased  roughness"  and  its  rated  parameters.  As  was  mentioned 
above,  the  cross-flow  instability  waves  were  generated  by  the  acoustic  wave  on  a  specially 
designed  "phased  roughness"  put  onto  the  model  surface.  An  idea  of  the  "phased  roughness"  is 
rather  simple  —  to  design  a  special  shape  of  the  roughness  that  would  be  localized  in  the 
chordwise  direction  but  periodic  in  span  and  which  would  generate  (in  the  presence  of  a 
harmonic  acoustic  wave)  a  single  normal  cross-flow  instability  mode  with  a  certain  spanwise 
wavenumber  p'  =  p'  i,  i.e,  the  mode  inclined  at  a  particular  desirable  angle  to  the  flow  direction. 
Unfortunately,  in  case  when  the  roughness  has  only  positive  height  in  every  spatial  point  (this 
is  a  technological  restriction)  it  is  impossible  to  avoid  a  possible  generation  (in  addition)  of  a 
quasi-2D  instability  mode  with  the  spanwise  wavenumber  p'  =  0.  The  matter  is  that  in  the 
spectrum  of  the  roughness  shape  the  spanwise-wavenumber  harmonic  with  p'  =  0  has  the  same 
order  of  magnitude  as  the  main  (rated)  mode  with  P'  =  P’  i.  But,  fortunately,  the  amplitude  and 
phase  of  this  mode  are  independent  of  the  z  -coordinate  similar  to  the  acoustic  and  vibrational 
signals  (produced  by  the  acoustics).  This  means  that  it  is  not  difficult  to  subtract  this  quasi-2D 
mode  from  the  total  signal  in  the  same  way  as  the  acoustic  and  vibrational  signals. 

A  sketch  of  the  phased  roughness  is  shown  in  Fig.  1  in  the  (jc',2')-plane  [In  the  present 
papers '  and  z  '  are  the  chordwise  and  spanwise  coordinates  respectively,  the  coordinate  system 
(x,z)  is  connected  with  the  free  stream  velocity  upstream  from  the  model,  and  the  system 
(wr*,Z*)  is  local  one  coupled  with  the  potential-flow  velocity  vector  and  directed  along  the  x*- 
coordinate.]  The  spanwise  period  of  the  roughness  elements  (i.e.  of  the  strips)  V  corresponds 
to  the  spanwise  wavenumber  p’  \  =  ItiIXj]  of  the  cross-flow  instability  wave  which  generation 
we  want  to  investigate.  In  the  present  experiments  V  was  chosen  to  be  equal  to  13.12  mm  that 
corresponds  to  p'  |  =  0.48  rad/mm  (P*  =  0.506)  which  is  close  to  the  most  unstable  cross- 

flow  instability  mode  in  the  frequency  range  studied  (see  [9]).  The  axis  of  each  roughness 
(strip)  is  inclined  to  the x-axis  at  angle  ^  =  90  -  -  y  =  9°  that  corresponds  to  the  propagation 

angle  Oi*  =  83.0*  of  the  normal  cross-flow  instability  mode  with  p’  =  P'  i.  (Note,  that  the  yaw 
angle  of  the  flow  y  is  equal  to  -T  in  the  center  of  the  roughness.)  The  length  of  the  roughness 
elements  is  conditioned  by  a  distance  X,i*,  on  which  the  wave  generated  on  a  given  strip  is  to  be 
displaced  along  the  x*-axis  for  its  front  coincidence  with  the  axis  of  the  next  strip.  This  distance 
is  equal  to  107.2  mm,  that  gives  the  streamwise  wavenumber  Ori*  =  0.059  rad/mm  (ari*6ir  = 
0.0617).  This  wavenumber  was  chosen  from  the  dispersion  curve  -  ar'^(p*)  determined  for 
the  cross-flow  instability  waves  in  the  previous  experiments  [9]  for  the  mode  with  the 
frequency/::  42.0  Hz  and  the  spanwise  wavenumber  Pi*  =  0.494  rad/mm  that  corresponds  to 
p  =  p’  ^  =  0.48  rad/mm. 
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above)  correspond  tp  a  fixed  frequency  /  of  the  acoustic  wave  that  was  chosen  to  be  equal  to 
41.96  Hz  in  the  present  case. 

All  roughness  strips  were  practically  identical  to  each  other.  Each  strip  was  made  of  a 
paraffin  that  was  poured  on  the  surface  of  the  model  from  a  special  device.  After  that,  the  strips 
were  shaped  by  means  of  a  special  cutter  mounted  on  the  supporting  mechanism.  The  shape  of 
the  strip  is  shown  in  Fig.  2  in  the  plane  normal  to  its  axis.  It  was  obtained  with  the  help  of 
measuring  the  cutter  profile  by  means  of  the  optical  micrometer  (with  an  accuracy  ±5  pm). 

Properties  of  the  acoustic  waves.  The  acoustic  disturbances  were  produced  by  a 
loudspeaker  positioned  downstream  of  the  experimental  model  and  the  wave  was  radiated 
upstream.  In  the  chosen  regime  of  measurements  the  wavelength  of  the  acoustic  wave  was  very 
long  (about  8  m)  and  no  any  significant  non-uniformities  of  the  acoustic  field  was  observed  in 
the  flow,  in  particular  in  the  vicinity  of  the  phased  roughness.  The  amplitude  of  the  signal  that 
supplied  the  loudspeaker  was  constant. 

3.  BASIC  FLOW  CHARACTERISTICS 

The  characteristics  of  the  3D  mean  flow  field  over  the  model  used  were  measured  carefully 
in  both  the  potential  flow  and  the  boundary  layer  using,  in  particular,  X-  and  V-shaped  hot-wire 
probes  [8,10].  It  was  shown  that  this  flow  is  identical  in  practice  (for  except  the  wall  curvature 
effects)  to  the  flow  over  a  real  swept-wing  with  the  sweep  angle  25  degrees  (see  [10]  for  more 
detail).  Some  additional  information  about  the  mean  flow  characteristics  observed  under  the 
conditions  of  the  present  set  of  measurements  is  presented  below. 


Fig.  3 .  Streamwise  distribution  of  the  edge  velocity.  Fig.  4.  Normal -to- wall  profiles  of  mean  velocity. 

The  present  experiments  were  conducted  at  the  free-stream  velocity  Uoo  =  8.7  m/s.  A 
downstream  distribution  of  the  streamwise  component  of  the  potential  flow-velocity  Uo{x), 
measured  in  the  present  experiments  outside  the  boundary  layer  (at  y  10  mm),  is  shown  in 
Fig.  3.  In  the  center  of  the  roughness  at  x  =  jcc  =  583.5  mm  (x  c  =  528.8  mm)  the  value  of  Uo 
was  equal  to  9.6A  m/s  and  the  value  of  the  boundary-layer  displacement  thiclmess  in  the  initial 
chordwise  position  atx '  =  637.6  mm  was  6i  =  1.053  mm. 

A  set  of  normal-to-wall  profiles  of  the  x-component  of  the  mean-flow  velocity,  taken  at 
several  chordwise  and  spanwise  positions,  is  presented  in  Fig.  4.  Comparison  of  these  profiles 
demonstrates  a  local  self-similarity  of  the  boundary-layer  flow  and  an  independence  of  the 
profile  shapes  on  both  the  streamwise  and  the  chordwise  position, 

4.  DISTURBANCE  EVOLUTION  DOWNSTREAM  OF  THE  PHASED 
ROUGHNESS 

Spanwise  distributions.  Shown  in  Fig.  5  with  curves  1  are  .the  spanwise  distributions 
of  the  disturbance  amplitude  (Fig.  5fl)  and  phase  (Fig.  5b)  in  the  total  signal  at  the  frequency  of 
excitation  measured  in  the  boundary  layer  downstream  the  phased  roughness  at  jc '  =  601 .3  mm 
and  U/Uo  =  0.68  .  It  is  seen  that  the  total  signal  has  a  quite  complicated  spanwise  distributions 
which  represent,  as  expected,  a  superposition  of  three  main  types  of  signals:  (a)  a  signal 
produced  by  the  acoustic  wave  itself  (that  corresponds  to  the  Stokes  layer  in  the  near-wall 
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region),  (b)  a  signal  attributed  to  a  hot-wire  probe  vibrations  forced  by  the  acoustic  wave  in 
presence  of  a  strong  normal -to-wall  mean-velocity  gradient,  (c)  a  signal  conditioned  by  a 
(possible)  presence  of  a  quasi-2D  instability  mode  with  the  spanwise  wavenumber  p'  =  0,  and 
(d)  a  sign^  corresponded  to  an  essentially  three-dimensional  cross-flow  instability  modes 
consisted  mainly  of  a  single  mode  with  the  spanwise  wavenumber  P'  =  p'  \.  Note,  that  under 
the  conditions  of  the  present  experiments  all  instability  modes  (signals  "c"  and  "J")  are 
generated  due  to  a  scattering  of  the  acoustic  wave  on  the  phased  roughness  only. 


Fig.  5 .  Slreamwise  distributions  of  amplitudes  (a)  and  phases  {b)  of  total  and  extracted  hot-wire  signals. 

A  spanwise  wavenumber  spectrum  of  the  disturbances  generated  by  the  acoustic  wave  is 
shown  in  Fig.  6.  This  spectrum  is  obtained  by  means  of  Fourier  decomposition  of  the  spanwise 
distribution  described  above  and  normalized  by  the  amplitude  of  the  mode  with  p'  =  0,  i.e.  by 
the  amplitude  of  a  mixture  of  the  signals  "a",  and  "c",  were  the  signals  "a"  and  "b"  (the 
acoustics  and  vibrations)  dominate.  It  is  seen  that  the  rated  mode  with  p'  6\  =  p'  ifij  -  0.506  (p'  i 
=  0.48  rad/mm)  is  the  greatest  one  after  the  "acoustic"  mode  with  P’  =  0.  Thus,  the  main  mode 
(P'  =  P’  i)  is  a  dominant  wave  in  signal  "J" . 

In  order  to  investigate  in  more  detail  the  properties  of  mode  "ct  a  procedure  of  a  rough 
extraction  of  the  main  cross-flow  instability  modes  (with  the  spanwise  wavenumber  p'  =  p'  i) 
from  the  total  signal  was  used.  The  idea  of  this  procedure  is  based  on  three  circumstances. 
First,  the  all  signals  obtained  in  the  boundary  layer  at  the  frequency  of  excitation  are 
independent  ofthez -coordinate  except  for  signal  "iT.  Second,  signals  "if  and  ”b”  are  very 
wealdy  dependent  on  the  x  -coordinate  while  signals  "c"  and  "if  are  strongly  dependent  on  it. 
Third,  in  the  rated  regime  signal  "cT  consists  mainly  of  a  single  cross-flow  instability  mode 
with  the  spanwise  wavenumber  p'  =  p’  i. 

Some  results  of  application  of  the  rough  extraction  procedure  are  presented  in  Fig.  5  with 
curves  2  and  3.  Generated  instability  mode  "if  is  really  very  close  to  a  normal  wave  with  a 
definite  value  of  the  spanwise  wavenumber  that  can  be  determined  as  a  tangent  of  inclination 

angle  of  the  curve  3  in  the  distribution  *)•  In  average,  the  spanwise  wavenumber  of  the 

generated  instability  mode  turned  out  to  be 
P’  =  27.5  degr/mm  =  0.479  rad/mm 
(P'  6i  =  0.505)  that  coincides,  in  practice,  with 
the  rated  value  p'  i  =  0.48  rad/mm  despite  the 
method  used  in  the  present  section  for 
decomposition  of  the  signals  is  rather  rough. 

Normal-to-wall  profiles.  Shown  in 
Fig.  7  are  the  amplitude  (Fig.  la)  and  phase 
(Fig.  lb)  y-profiles  obtained  for  the  total  signal 
at  the  frequency  of  excitation  at  the  chordwise 
position  X  ’  =  637.6  mm.  Two  of  three  profiles 
presented  are  obtained  at  the  spanwise  positions 
-t  o  -o*5  0.0  0.5  1.0  that  correspond  to  the  distuitance  amplitude 

f'/,?.  6 .  Spanwise  wavenumber  spectrum  of  maximum  (z  c  =  0.55  mm  ),  and  minimum 

disturbances.  (-  c  =  -0  0  nim)  in  the  spanwise  distributions 
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Fig.  7.  Amplitude  (a)  and  phase  (b)  profiles  for  total  signal. 


measured  SLiy/bi  =  1.25  {U/Uq  =  0.68)  similar  to  that  presented  in  Fig.  5  (where  z  c  is  the  z 
axis  with  an  origin  on  the  axis  of  the  model).  The  third  profile  is  measured  at  a  side  from  the 
roughness  (z'c  =  132.4  mm)  where  the 
surface  of  the  model  was  smooth  and  no 
generation  of  the  instability  wave  by  the 
acoustics  was  observed. 

Applying  the  procedure  of  rough  extraction 
of  signals  to  a  pair  of  distributions 
discussed  above  it  is  not  difficult  to  obtain 
the  normal-to-wall  profiles  of  the  amplitude 
and  phase  of  the  instability  wave  (i.e.  the 
mode  The  result  is  presented  in  Fig.  8. 

It  is  seen  that  the  amplitude  and  phase 
profiles  of  the  disturbance  have  shapes 
that  are  typical  for  the  cross-flow  instability 
modes  (see  [9]).  The  amplitude  profile  has  a 
single  maximum  at  y/6i  ss  1.25.  The  phase 
decreases  in  a  linear  way  with  the  normal- 
to-wall  coordinate. 

Dispersion  and  receptivity  characteristics.  Using  the  values  of  the  spanwise 
wavenumber  obtained  for  the  instability  mode  (with  the  help  of  curves  like  curve  3  shown 
in  Fig.  5b)  and  the  corresponding  values  of  the  stream  wise  wavenumber  found  from  jc- 
distributions  of  the  phases  of  spanwise-wavenumber  spectral  modes  (not  shown)  it  is  not 
difficult  to  estimate  the  other  dispersion  characteristics  of  the  instability  waves  generated  by  the 
acoustic  wave  on  the  roughness  presented  in  Table.  It  is  seen  that  all  dispersion  characteristics 
are  very  close  to  those  used  for  design  of  the  phased  roughness  (see  section  2.)  and 
corresponds  to  a  cross-flow  instability  mode  close  to  the  most  unstable  one  (see  |9]). 


rad/mm 

a'  r,  rad/mm 

B’ .  deg 

e*,  deg 

0.48 

-0.114 

107 

82 

Let  us  designate  the  initial  (i.e.  at  in  the  roughness  center)  amplitude  of  the  excited  instability 
wave  as  Acf»  the  amplitude  of  the  corresponding  "resonant"  mode  in  the  spectrum  of  the 
roughness  shape  as  Q,  and  the  acoustic  wave  amplitude  as  Aa.  Then  the  amplitude  of  the 
acoustic-roughness  receptivity  coefficient  can  be  determined  as  [71 


Gr 


Cj-Ajj 


The  "resonant"  mode  in  the  spectrum  of  the  roughness  with  amplitude  Cr  have  the  same  value 
of  the  streamwise  wavenumber  as  the  cross-flow  instability  mode  generated  in  the  flow.  The 
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initial  amplitude  of  the  cross-flow  mode  Acf  was  obtained  by  means  of  an  upstream 
extrapolation  of  x  -distribution  of  the  spectral  amplitude  with  p'  =  p'  1  to  the  position  of  the 
phased  roughness  center.  This  amplitude  is  equal  to  0.024%.  The  flow  velocity  oscillations 
produced  by  the  acoustic  wave  had  amplitude  of  0.15%.  Finally,  the  value  of  the  acoustic¬ 
roughness  receptivity  coefficient  Gr  was  found  to  be  equal  to  0.0297.  This  coefficient  is  non- 
dimensional.  All  dimensional  values  were  normalized  with  the  potential  flow  velocity  (in  the 
center  of  the  roughness)  and/or  with  the  boundary  layer  displacement  thickness  (that  was  nearly 
independent  of  the  streamwise  coordinate). 

6.  CONCLUSIONS 

1.  The  experiments  on  the  acoustic-roughness  receptivity  of  a  swept-wing  boundary  layer 
have  been  conducted  successfully  at  controlled  disturbance  conditions  with  the  help  of  a  special 
'phased  roughness’  designed  and  manufactured  for  the  purposes  of  the  present  experiments. 

2.  It  is  shown  that  a  signal,  measured  at  the  frequency  of  excitation  by  a  hot-wire,  consists 
mainly  of  a  mixture  of  three  different  signals  attributed  to:  (i)  the  acoustic  wave  itself,  (ii)  the 
probe  and  surface  vibrations,  and  (iii)  the  instability  waves  generated  by  the  acoustics  on  the 
roughness.  For  separation  of  these  signals  and  extraction  of  the  cross-flow  instability  waves 
several  special  procedures  of  the  signal  processing  were  developed  and  used. 

3.  It  is  found  that  the  disturbance  generated  by  acoustics  in  the  flow  represents,  as  expected, 
a  normal  cross-flow  instability  mode  inclined  at  a  high  angle  to  the  flow  direction.  This  wave  is 
very  close  to  the  most  unstable  cross-flow  instability  mode  for  a  given  frequency. 

4.  Finally,  the  experimental  method  created  in  the  present  study  gives  possibility  to  obtain, 
for  the  first  time,  quantitative  characteristics  of  the  acoustic-roughness  receptivity  of  the  swept- 
wing  boundary  layer  which  can  be  used  for  validation  of  receptivity  theories. 
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EXPERIMENTAL  SIMULATION  OF  A  BOUNDARY  LAYER  ^ 

CONSTANT  NEGATIVE  HARTREE  PARAMETER  AND  ITS  3D  STABILITY. 


Y.S.  Kachanov,  D.B.  Koptsev 

Institute  of  Theoretical  and  Applied  Mechanics,  630090,  Novosibirsk,  Russia 

1.  Introduction 

The  problem  of  influence  of  an  adverse  streamwise  pressure  gradient  on  characteristics  of  the 
laminar-boundary-layer  stability  to  three-dimensional  waves  is  not  enough  investigated  at 
present.  Some  quantitative  experimental  studies  were  performed  either  for  two-dimensional 
perturbations  or  for  the  three-dimensional  waves  but  in  the  non-gradient  (Blasius)  boundary 
layer  [1-6]  (see  also  for  review  [7]).  The  only  similar  quantitative  measurement  in  a  two- 
dimensional  boundary  layer  was  performed  in  [8]  for  the  case  of  an  airfoil  with  a  variable 
streamwise  pressure  gradient  (favorable,  zero,  and  adverse  one).  In  particular  this  experiment 
provides  first  quantitative  experimental  information  about  the  growth  rates  of  the  normal 
instability  modes  (inclined  at  various  angles  to  the  flow  direction)  in  the  region  of  a  vanable 
adverse  pressure  gradient  (APG)  that  increased  in  the  streamwise  direction  and  leaded  to  a 
laminar  flow  separation.  It  was  found  in  [8]  (see  also  [7])  that  in  a  vicinity  of  the  separation 
point  the  three-dimensional  modes  inclined  at  about  40“  to  the  flow  direction  were  the  most 
amplified  ones  despite  the  flow  had  very  low  (subsonic)  speed.  This  result  was  in  a 
contradiction  with  the  parallel  linear  stability  theory  (calculations  by  Michalke  [9])  but  it  was  in 
consistence  with  a  non-parallel  asymptotic  theory  [10]  (see  also  [7]).  A  predominant  growth  of 
the  3D  instability  modes  was  also  predicted  by  calculations  [11]  used  the  PSE  approach  for  a 
self-similar  Falkner-Skan  boundary  layer  with  an  APG.  This  phenoinenon  was  observed  at  low 
frequency  parameters  close  to  the  lower  branch  of  the  neutral  stability  curve.  Note  that  similar 
faster  growth  of  the  3D  modes  was  observed  in  a  vicinity  of  the  lower  branch  in  experiments 
[5,6]  performed  in  the  Blasius  flow.  The  parallel  stability  theory  is  not  able,  however,  to 
explain  this  behaviour.  This  strongly  suggests  a  significant  influence  of  the  basic  flow  non¬ 
parallelism  on  the  3D  instability,  especially  in  presence  of  an  APG . 

The  goal  of  the  present  experiments  was  to  clarify  the  problem  discussed  above  by  means  of 
conducting  a  detail  quantitative  experimental  study  in  a  self-similar  APG  boundary  layer  with  a 
constant  Hartree  parameter.  To  perform  such  an  experiment  it  was  necessary  to  create  the  basic 
flow  and  to  investigate  a  behavior  of  the  3D  controlled  perturbations  excited  in  it. 


Fig.  1.  Sketch  of  experimental  model  and  wall  bump.  Fig.  2.  Streamwise  distributions  of  potential  velocity. 

2.  Experimental  Procedure 

The  experiments  were  conducted  in  the  low-turbulence  subsonic  wind  tunnel  T-324  of  the 
ITAM  at  the  free-stream  velocity  t/o  ~  9  m/s  and  turbulence  level  less  than  0.02  %.  The  wind- 
tunnel  has  a  4  m  long  test  section  with  a  1  m  x  1  m  cross-section.  A  sketch  of  the  experimental 
setup  is  shown  in  Fig.  1.  The  APG  was  induced  over  a  flat  plate  with  the  help  of  an  adjustable 
wall-bump.  The  bump  was  made  of  a  Plexiglas  sheet  equipped  with  cross  beams  and  special 
fasteners  for  spatial  positioning  of  the  sheet.  The  fasteners  could  moved  along  rods,  which 
were  hingedly  connected  with  two  longitudinal  power  beams  mounted  at  the  wind-tunnel  test- 
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section  ceiling.  The  power  beams,  the  fasteners,  and  the  rods,  were  placed  symmetrically  with 
respect  to  the  vertical  plane  of  symmetry  of  the  model.  The  flat  plate  was  mounted  horizontally 
directly  under  a  wall-bump  and  was  equipped  with  a  flap.  With  the  help  of  an  adjustment  of 
positions  of  the  fasteners  the  form  of  a  wall-bump  could  be  significantly  changed  that  resulted 
in  a  change  of  the  longitudinal  pressure  distribution  in  a  flow.  The  flap  attack  angle  could  also 
be  varied  and  influence  the  pressure  distribution  in  a  vicinity  of  the  model  leading  edge. 

The  instability  waves  were  excited  in  the  boundary  layer  by  means  of  a  circular  surface 
vibrator  (the  source)  described  in  detail  in  [12].  The  source  introduced  into  the  boundary  layer 
so-called  wave  trains  of  instability  modes,  i.e.  the  disturbances  localized  in  space  but  harmonic 
in  time.  The  vibrator  had  a  plastic  membrane  (20  mm  in  diameter),  mounted  flush  with  the  plate 
surface.  The  pressure  fluctuations  generated  under  the  membrane  by  a  loudspeaker  (positioned 
outside  the  test-section  and  connected  with  the  source  by  means  of  a  plastic  pipe)  forced  the 
membrane  to  oscillate.  The  amplitudes  of  excitation  were  chosen  small  enough  to  provide  a 
linearity  of  mechanisms  of  the  disturbance  development. 

The  measurements  were  carried  out  by  means  of  a  hot-wire  anemometer  with  a  single-wire 
probe  at  three  frequencies  of  the  disturbances: /=  55.1,  81.4,  and  109.1  Hz.  At  the  streamwise 
coordinates  =  520  mm  these  frequencies  correspond  to  the  frequency  parameters  F  =  Tjw/IUo^ 
=  74.0  10*^,  106.8- 10^,  and  143. 1  •  10-^  respectively  (in  this  point  Uo  =  8.67  m/s). 


Fig.  3.  Mean  vcUviiy  profiles  (a)  and  comparison  with  Blasius  profile  (b). 


Fig.  4.  Streamwise  dependences  of  boundary-layer  displacement  thickness  {a)  and  shape  factor  {h). 


3.  Basic  Flow  Characteristics 

At  an  initial  stage  of  the  experiments  a  required  streamwise  distribution  of  the  potential  mean- 
flow  velocity  (/o,  corresponded  to  a  constant  value  of  the  Hartree  parameter  Ph  =  -0.1 15,  was 
obtained  by  means  of  iterations  with  variation  of  the  wall-bump  geometry  and  position  of  the 
flap.  The  results  of  the  measurements,  performed  at  a  fixed  distance  y  =  8.0  mm  from  the  plate 
surface,  are  shown  in  Fig.  2  for  three  fixed  values  of  the  spanwise  coordinate  z.  The 
dependencies  show  that  the  created  potential  flow  is  practically  two-dimensional  and  in  the 
range  of  the  streamwise  coordinate  x  from  220  to  620  mm  (i.e.  up  to  the  end  of  the  region  of 
measurements)  corresponds  to  a  flow  with  a  constant  Hartree  parameter  specified  above. 

The  mean  velocity  profiles  measured  inside  the  boundary  layer  for  various  streamwise  and 
spanwise  positions  are  presented  in  Fig.  3a  (fij  is  the  boundary  layer  displacement  thickness). 
A  rather  good  coincidence  of  the  profiles  with  each  other  testifies  that  the  designed  flow  is 
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rather  close  to  a  self-similar  one  (see  below  for  more  detail).  It  is  also  seen  that  the  experimental 
points  are  in  agreement  with  the  theoretical  profile  calculated  by  B.  Smorodsky  for  a  Falkner- 
Skan  flow  with  Ph  =  -0.115.  A  comparison  of  one  of  the  obtained  distributions  with  the 
Blasius  profile,  shown  in  Fig.  3/?,  demonstrates  an  essential  difference  between  the  boundary 
layer  under  investigation  and  the  flow  developing  at  the  zero  streamwise  pressure  gradient. 

A  streamwise  distribution  of  the  boundary-layer  displacement  thickness  6i  is  shown  in  a  Fig. 
Aa  together  with  the  corresponding  distribution  for  the  Blasius  flow.  It  is  seen  that  due  to  an 
influence  of  the  APG  the  boundary  layer  thickness  increases  much  faster  than  in  the  non¬ 
gradient  case.  A  streamwise  dependence  of  the  boundary-layer  shape  factor  H  =  61/62  (where  62 
is  the  momentum  thickness)  is  presented  in  Fig.  4b  in  comparison  with  the  corresponding 
values  for  the  Blasius  flow  and  self-similar  boundary  layer  with  pH  =  -  0.1 15.  Despite  the 
potential  flow  corresponds  locally  to  a  constant  Hartree  parameters  (see  Fig.  2)  and  the  mean- 
velocity  profiles  look  as  self-similar  ones  (in  the  range  x  -  340  -i-  520  mm,  Fig.  3a)  the  flow 
prehistory  influences  the  values  of  the  boundary-layer  shape  factor  H  (Fig.  Ab).  In  the  initial 
region  between  x  -  260  and  420  mm  the  shape  factor  increases  gradually  from  values  close  to 
2.60  (the  Blasius  flow)  to  those  which  are  very  close  to  2.87  —  the  value  computed  for  Ph  =  - 
0.1 15.  In  the  range  jc  =  420  to  620  mm  (Re  =  Uo6i/v  =  924  to  1 165)  the  shape  factor  saturates 
and  its  measured  and  calculated  values  become  very  close.  Thus  we  can  conclude  that  in  this 
region  the  flow  is  self-similar  and  corresponds  to  the  theoretical  flow  with  pH  =  -  0. 1 1 5. 


0  2  4  y/fii  6  0  2  4  y/61  6 


Fig.  5.  Normal-towall  profiles  of  disturbance  amplitudes  (a)  and  phases  (b). 

4.  Evolution  of  Wave  Trains 

Shown  in  Fig.  5  is  a  set  of  the  normal -to-wall  disturbance  profiles  measured  at  the  wave- 
train  axis  (z  =  0)  for  two  values  of  the  jc -coordinate.  The  profiles  have  shapes  that  are  typical  for 
the  instability  waves  but,  in  contrast  to  the  case  of  the  non-gradient  flow  (4],  an  appearance  and 
growth  of  a  second  near-wall  amplitude  maximum  is  observed.  An  averaged  position  of  the 
main  maximum  corresponds  approximately  to  the  non-dimensional  velocity  U/Uq  =  0.45  for  all 
frequencies  studied.  This  value  is  close  to  a  position  of  an  inflexion  point  in  the  mean  velocity 
profiles.  ICalculations  predict  it  at  U/Uq  =  0.42.]  The  value  U/Uq  =  0-45  corresponds  to  a  non- 
dimensional  distance  y6i  =  0.86  that  was  chosen  for  the  main  stability  measurements. 


Fig.  6.  Downstream  evolution  of  disturbance  amplitudes  (a)  and  phases  (b). 


A  set  of  streamwise  distributions  of  the  disturbance  amplitudes  and  phases  obtained  at  the 
wave-train  axis  (z  =  0)  is  shown  in  a  Fig.  6.  It  is  seen  that  starting  with  a  certain  distance  from 
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the  vibrator  the  disturbance  amplitudes  increase  exponentially  for  all  studied  frequencies.  This 
behaviour  is  very  different  from  that  observed  in  the  Blasius  boundary  layer  for  the  wave-trains 
excited  by  the  same  source  [4].  In  particular,  in  the  present  case  there  is  no  any  significant 
attenuation  of  the  perturbation  amplitudes  in  the  region  close  to  the  source  (Fig.  6a).  The  phases 
increases  in  a  linear  way  and  can  be  very  well  approximated  by  straight  lines  (Fig.  6^). 


Fig.  7.  Evolution  of  spanwisc  distributions  of  disturbance  amplitudes  (a)  and  phases  {b)  at/=  55. 1  Hz. 

Downstream  evolution  of  the  spanwise  disturbance  distributions  obtained  at  a  constant  non- 
dimensional  distance  to  the  wall  y/b\  -  0.86  is  illustrated  by  Fig.  7  for  frequency  55.1  Hz.  The 
distributions  are  almost  symmetric  with  respect  to  the  axis  z  =  0.  Qualitatively  their  shapes  are 
similar  to  those  obtained  in  (2,4]  in  the  Blasius  flow  for  the  same  source  and  close  frequency 
parameters.  However,  there  is  a  very  significant  difference  between  the  downstream  amplitude 
evolution  observed  in  the  present  case  and  in  the  Blasius  flow,  namely  the  typical  growth  rates 
obtained  in  the  APG  case  are  dramatically  greater  than  those  found  in  the  Blasius  flow. 


Fig.  H.  Evolution  of  amplitude  {a)  and  phase  {h)  parts  of  spanwise-wavenumber  spectrum  al/=  55. 1  Hz. 


5.  Flow  Stability  to  3D  Normal  Oblique  Modes 

After  Fourier  decomposition  of  the  distributions  like  those  shown  in  Fig.  7  the  spanwise 
wavenumber  spectra  of  perturbations  were  determined.  A  typical  set  of  the  spectra  obtained  for 
frequency/ =  55.1  Hz  is  presented  in  Fig,  8  for  several  streamwise  positions.  With  the  help  of 
these  spectra  all  stability  characteristics  of  the  boundary  layer  were  obtained. 

Shown  in  Fig.  9  is  a  set  of  streamwise  distributions  of  the  amplitudes  {B)  and  phases  (<|))  of 
some  normal  oblique  instability  modes  obtained  at  frequency /  =  55. 1  Hz  for  various  values  of 
the  spanwise  wavenumber  p.  Similar  results  were  obtained  for  two  other  frequencies.  The 
amplification  curves  (Fig.  9a)  show  an  increase  of  the  normal-mode  growth  rates  at  initial  stage 
until  X  ^  460  mm  (Re  =  969),  while  further  downstream  (al  least  until  jc  =  580  mm.  Re  =  1 124) 
the  growth  rates  become  constant  and  the  normal-mode  amplitudes  grow  exponentially.  This 
property  is  qualitatively  the  same  for  the  two  other  frequencies  and  for  all  important  values  of 
the  spanwise  wavenumber.  The  increase  of  the  growth  rates  in  the  initial  region  is,  probably, 
conditioned  by  the  downstream  evolution  of  the  mean-velocity  profile  shape  (see  section  3  and 
Fig.  4/?).  The  exponential  growth  of  the  normal-mode  amplitudes  differs  significantly  from  that 
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observed  in  the  non-gradient  flow  (see  [2,6])  where  the  growth  of  the  Reynolds  number  leads 
to  a  strong  variation  of  the  amplification  rates  with  the  streamwise  coordinate. 


300  400  500  X,  mm  600  300  400  500  x,  mm  600 

Fig.  9.  Evolution  of  normal-mode  amplitudes  (a)  and  phases  (b)  at/=  55. 1  Hz. 

The  normal-mode  phases  (shown  in  Fig.  9h)  increase  linearly  in  the  whole  region  of  the 
measurements  similar  to  the  Blasius  flow  [2,6]  and  a  boundary  layer  on  an  airfoil  in  the  region 
of  a  variable  APG  [8].  This  gives  possibility  to  determine  the  streamwise  wavenumbers  and 
the  wave  propagation  angles  0  for  every  fixed  spanwise  wavenumber  and  frequency. 


Fig.  10.  Normal-mode  streamwise  wavenumbers  Fig.  1 1.  Normal-mode  phase  veltxrities  versus 
versus  wave  propagation  angle  for  three  frequencies.  wave  propagation  angle  for  three  frequencies. 


The  values  of  the  dimensional  streamwise  wavenumber  (Xr  obtained  for  various  values  of  the 
spanwise  wavenumber  are  indej^ndent  of  the  x-coordinate  in  the  range  x  =  340  ^  620  mm  (Re 
=  814  -f  1 165),  The  non-dimensional  streamwise  wavenumbers  (Xi^i  depend,  in  contrast,  on  the 
x-coordinate  due  to  a  growth  of  the  boundary  layer  displacement  thickness  6i.  Therefore  the 
distributions  of  Orbi  versus  the  wave  propagation  angle  0  presented  in  Fig.  10  were  determined 
for  a  fixed  streamwise  coordinate  x  =  520  mm  (Re  =  1052)  that  is  in  the  region  of  a  self-similar 
flow  with  the  constant  Hartree  parameter  and  shape  factor  (see  section  3).  These  dependences 
look  very  similar  to  those  obtained  for  the  Blasius  flow  in  [3,6]  for  somewhat  lower  values  of 
the  Reynolds  number.  The  normal-mode  phase  velocities  C^lUo  ^re  very  weakly  dependent  on 
Re  (see  [3,6])  and  can  be  compared  directly  with  the  Blasius  case  for  close  frequency 
parameters.  An  almost  complete  coincidence  of  the  phase  velocities  of  all  3D  normal  modes 
with  those  obtained  in  the  non-gradient  case  (Fig.  1 1 )  is  a  surprise  which  is  difficult  to  explain. 

In  contrast  to  the  phase  speeds  the  normal -mode  amplification  rates  (Figs.  12  to  13)  are  very 
different  from  those  measured  in  the  Blasius  flow.  At  frequencies  55.1  Hz  and  81.4  Hz  the 
growth  rates  of  the  most  unstable  normal  modes  are  greater  in  the  APG  case  than  those  in  the 
Blasius  flow  by  5  to  7  times.  At  the  highest  frequency  studied  the  maximum  amplification  rates 
are  close  to  0.03  while  in  the  Blasius  flow  all  modes  attenuate.  At  the  same  time  a  general 
behaviour  of  the  growth  rates  with  the  wave  propagation  angle  is  similar  in  the  two  flows.  In 
particular,  for  the  lowest  frequency  the  most  amplified  instability  modes  are  three-dimensional 
ones  in  the  two  cases.  This  fact  is  not  trivial  and  testifies  to  an  importance  of  the  3D  linear 
modes  evolving  in  the  subsonic  APG  boundary  layers.  Note,  that  at  frequency  55.1  Hz  the 
most  unstable  modes  propagate  at  angles  close  to  30°.  Similar  result  was  obtained  in  theory  [11] 
were  it  was  also  found  that  the  predominant  growth  of  the  3D  waves  is  observed  both  in  the 
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Blasius  flow  and  in  the  APG  boundary  layer.  In  the  latter  case  this  phenomenon  is  stronger 
both  in  theory  and  experiment. 


Fig.  12.  Growth  rates  of  norma]  modes  versus  propagation  angle  for  three  disturbance  frequencies. 


6.  Conclusions 

A  self-similar  boundary-layer  flow  with  an  adverse  pressure  gradient  and  constant  Hartree 
parameter  is  realized  experimentally.  The  experiments  carried  out  under  controlled  disturbance 
conditions  give  possibility  to  obtain,  for  the  first  time,  all  main  stability  characteristics  of  the 
APG  self-similar  flow  with  respect  to  the  3D  normal  instability  modes  for  various  values  of  the 
wave  propagation  angle  and  frequency.  It  is  found,  in  particular,  that  the  dispersion 
characteristics  of  the  3D  instability  modes  are  very  weakly  dependent  on  the  pressure  gradient, 
while  the  growth  rates  depend  on  it  significantly.  At  low  frequency  parameters  a  predominant 
growth  of  the  3D  waves  is  found.  The  results  obtained  represent  an  extensive  experimental  base 
for  a  subsequent  analysis  and  utilizing  for  verification  of  the  theoretical  approaches. 

The  work  was  supported  by  the  Russian  Foundation  for  Basic  Research  (grant  97-01-(X)638). 
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THE  USE  OF  THE  THIN  LAYER  MODEL  FOR  NUMERICAL  SIMULATION  OF 
THE  FLOW  AROUND  THREE-DIMENSIONAL  BODIES 


T.A.Korotaeva 

Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS, 
630090,  NovosibirskjRussia 


1.  Let  us  consider  a  compressible  flow  around  a  body  at  a  high  supersonic  speed.  The 
region  of  disturbed  parameters  is  located  between  the  body  surface  and  the  bow  shock  wave. 
The  existing  methods  of  hypersonic  approximation  (e.g.,  thin  layer  [1])  imply  a  number  of 
assumptions,  especially  concerning  the  shock  wave  position,  and  need  proper  refinement.  We 
consider  the  flow  around  pointed  bodies,  i.e.,  the  flow  is  supersonic  everywhere  in  the 
disturbed  region.  This  makes  it  possible  to  use  the  marching  methods  of  computation. 

2.  Since  we  consider  the  case  A/<»»1,  the  shock  layer  is  assumed  thin 


h 

£ 


<1, 


(1) 


where  h  is  the  shock  layer  thickness,  £  is  the  characteristic  length  of  a  cell,  and  R  is  the  radius 
of  surface  curvature.  Thus,  the  shock  wave  shape  cannot  be  much  different  from  the  body  sur¬ 
face  shape,  and  the  pressure  on  the  body  will  be  mainly  determined  by  the  shock  shape  [1]. 

The  disturbed  region  between  the  shock  wave  and  the  body  is  split  into  two  layers:  the 
layer  adjacent  to  the  shock  wave  (external)  and  the  layer  adjacent  to  the  body  (internal).  Dif¬ 
ferent  algorithms  are  used  for  solving  the  problem  in  these  subdomains.  This  approach  is  well 
justified  [2].  Indeed,  small  changes  in  the  shock  wave  position  lead  to  large  changes  of  pa¬ 
rameters  in  the  disturbed  region,  therefore,  it  is  necessary  to  determine  this  position  as  accu¬ 
rately  as  possible.  At  the  same  time,  a  moderate  thickness  of  the  disturbed  region  allows  one 
to  make  some  simplifying  assumptions  and  replace  the  differential  equations  in  the  vicinity  of 
the  wall  by  algebraic  equations.  The  calculation  in  the  external  layer  is  performed  by  the 
method  of  finite  volumes  for  inviscid  gas  flow. 

After  determining  the  flow  parameters  from  the  Euler  equations  [4],  the  shock  wave  po¬ 
sition  is  corrected: 

-  the  shock  wave  velocity  is  determined  on  the  basis  of  pressure  difference  (behind  the  shock 
and  in  the  free  stream); 

-  a  new  shock  wave  position  is  determined  on  the  basis  of  the  shock  wave  velocity. 

Having  determined  the  shock  wave  position  and  taking  into  account  the  preliminary  data  in 
the  internal  layer,  we  determine  numerically  the  parameters  at  the  boundary  between  the  lay¬ 
ers.  Using  the  obtained  results,  we  refine  the  internal  layer  parameters.  Then  the  process  is 
repeated.  The  iteration  is  performed  by  the  pseudo-transient  method. 

3.  The  thin  layer  approximation  is  used  in  the  internal  region  and  on  the  body  surface. 
The  body  surface  is  a  streamline,  thus,. the  following  algorithm  is  used  to  compute  the  pa¬ 
rameters  at  points  which  belong  to  the  body: 

a)  an  approximate  position  of  the  streamline  lying  on  the  body  surface  and  passing 
through  a  test  point  is  determined; 

b)  the  pressure  at  the  test  point  is  obtained  from  the  solution  for  the  external  layer; 
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a) 


Fig.l  a)  a  part  of  the  finite  volume  in  the  vicinity  of 
the  test  point; 

b)  determination  of  a  streamline  passing 
through  the  test  point. 


c)  the  remaining  gas  dynamic  parameters 
are  determined  on  the  basis  of  the  pressure 
value  and  relations  along  the  streamline. 

Let  us  consider  stages  a),  b),  and  c)  in 
more  detail 

Stage  a): 

Figure  la  shows  a  part  of  the  finite  vol¬ 
ume  in  the  vicinity  of  the  test  point.  Here 
A_A^  is  the  previous  cross-section  with  all 
parameters  known,  TT^  is  the  test  cross- 
section. 

Condition  (1)  allows  us  to  use  the  ideas 
of  the  local  theory:  the  influence  of  distant 
points  is  small.  If  a  point  T  belongs  to  the  tri¬ 
angle  A_A''A^  (Fig.lb),  we  determine  a  point 
S  such  that  the  velocity  vectors  at  points  S  and 
T  had  the  same  direction.  Otherwise,  we  ex¬ 
tend  the  “influence  region”,  taking  instead  of 
A_  and  ^4+  the  neighboring  points. 

Stage  b): 

Let  an  element  of  the  body  surface,  with 
respect  to  velocity  at  the  surface  ALTAI,  sat¬ 
isfies  the  condition  <0,  where  w,.^  is 

the  velocity  vector  at  the  upper  face  of  the 
cell.  The  pressure  at  the  point  T  is  determined 
as 


where  the  subscript  refers  to  the  medium  point  of  the  line  “z'j'”,  the  subscript  denotes 
the  test  point,  is  the  excess  pressure  coefficient  on  the  wall  with  respect  to  the  pressure  in 
the  external  layer. 

Let  us  estimate  the  value  of  .  For  this  purpose,  let  us  write  the  momentum  conserva¬ 
tion  equation  in  the  direction  normal  to  the  body.  In  an  integral  form,  this  equation  is 

^(pw„(w,n,)  +  p(n,n,))ds  =  0,  (2) 

where  w,  n  are  the  mean  values  of  velocity  and  the  normal  on  the  face,  n,  is  the  normal  at  the 
test  point.  The  normal  vector  n  to  the  face  can  be  decomposed  in  orthogonal  directions:  nor¬ 
mal  «;  and  tangent  to  the  face  on  the  wall.  Equation  (2)  can  be  written  in  the  finite- 
difference  form,  taking  into  account  that  n  =  («, n,  +  (n, t,  )x^  : 

_  _  _  _  _  _ 

From  equations  (3)  near  the  wall  we  can  obtain  the  estimates  [3,4] 

p(ii1.Q  =  Pofe>l)  +  CXC') 

«’„feh.Q  =  Wi(4.h)C  +  0(C’)  (4) 
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where  w  =  («,  v,w)  is  the  velocity  vector,  are  the  unit  vectors  of  the  natural  coordinate 
system.  The  ^  axis  is  directed  normal  to  the  surface,  ^  and  n]  are  on  the  body  surface.  Let 
i  =  max(^Ti) .  Then,  using  the  Taylor  expansion,  we  can  write 

p(in.O= p'  +  p5^+plln+ 

W,(4,11,Q  =  W*  +h’^^+m'*ii  +  0(£^). 

where  *  denotes  the  parameters  at  the  medium  point  of  a  cell.  From  here  and  (4),  with  accu¬ 
racy  to  we  obtain 


-=p 


A5,  A5, 

Taking  into  account  the  above  estimates,  (3)  takes  the  form 


p 

i=\ 

For  a  closed  volume 


+  {PtY  )^  +  P/y  -  Pr )  +  )  =  0 


A5, 


M 


Thus,  with  accuracy  to  the  initial  equation  can  be  written  as 

p,y(ii',y  ,n,)^  +p,y  -p,  =  0,  or 

„  ^P,-P,v 

which  is  analogous  to  the  Newton’s  formula  for  a  finite  volume. 

If  suppose  (since  velocities  are  high)  that  there  is  a  diffuse  sepa¬ 

ration  with  the  pressure  on  the  concave  part  of  the  surface,  corresponding  to  base  expansion 
[5].  The  local  pressure  here  isCp,  =  Cpd{M^,^)^ 

Cpd{M,,,,)  =  -0.01-0.64 - ^ - +0.306-  ^ 
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The  method  of  expansion  waves  can  be  also  used  in  these  regions. 

Stage  c): 

Having  determined  Pf  and  the  position  of  a  streamline  arriving  at  a  given  point  along  the 

body  surface,  we  can  calculate  the  remaining  gas  dynamic  parameters: 

'  .  Y-l 


\PtJ 


Pt  =  Pi 


V,  =  V 


Ml 

’  M. 


t(M,) 


\2 


MM,) 


Y  —  1 

where  t(MJ  =  1  +  Af^^.Here  we  do  not  know  only  the  velocity  components  w,  on  the 

body.  It  follows  from  (4)  that  the  dependence  of  the  normal  component  of  velocity  on  ^  near 
the  solid  surface  is  close  to  linear.  The  tangential  component  of  velocity  and  density  can  be 
considered  changing  little  along  the  normal  to  the  body.  Hence, 


=  wl 


W' 


where  t  is  the  tangent  direction  to  the  body  surface,  w'  is  the  velocity  vector  at  a  distance  ^ 
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Flg.2  The  pressure  on  the  cone  surface  for  two  cone  half-angles  e^=l0*,e^=20“  at  zero  incidence, 
from  the  boundaiy. 

Thus,  the  proposed  approach  combines  the  identification  of  the  shock  wave  front  by 
means  of  numerical  solution  of  three-dimensional  Euler  equations  using  the  method  of  finite 
volumes  and  an  approximate  determination  of  the  parameters  on  the  body. 

The  described  approach  is  a  rational  approximation  applied  to  three-dimensional  bodies, 
which  is  more  general  than  the  irrational  methods  of  local  cones  and  wedges  used  in  practice. 

4.  Let  us  consider  now  the  results  of  computations  based  on  the  above  algorithm. 

Figure  2  shows  the  pressure  on  the  cone  surface  normalized  to  the  free-stream  pressure 
as  a  function  of  the  Mach  number  within  the  range  A/^=2+9,  for  two  cone  half-angles 
=  10“  =  20“  at  zero  incidence  (the  solid  lines  show  the  tabular  values  from  [6]). 

The  same  figure  shows  the  results  (marked  by  crosses)  calculated  using  the  approximate 
method  of  the  paper  [7],  where  the  accuracy  of  the  law  of  plane  sections  is  analyzed.  It  is  seen 
that  for  the  cone  half-angle  0^  =  10“  the  results  of  the  present  work,  the  results  obtained  using 
the  method  of  unsteady  analogy,  and  tabular  values  are  is  reasonable  agreement  within  the  en¬ 
tire  range  of  Mach  numbers.  Meanwhile,  for  the  cone  half-angle  0^  -  20“  the  present  ap¬ 
proach 
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▼  Y 
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yields  the  ptessure  values  which  are  closer  to  tabular  ones. 

Figures  3  and  4  show  a  comparison  of  numerical  data  and  experimental  results  [8]  for  a 
triangular  wing  with  a  rhombus  profile  at  incidence  (a  =  10%  A/ =  4.05,  ^^  =  75% 
Qwx  ”  3,3%).  A  spanwise  distribution  of  pressure  in  one  of  the  cross-sections  up  to  the  gen¬ 
eratrix  inflection  on  the 
leeward  and  windward 
sides  of  the  wing  is 
shown  in  Fig.  3. 

A  good  agreement 
is  observed  on  the 
windward  side.  A  no¬ 
ticeable  discrepancy  is 
observed  only  in  the  lo¬ 
cal  expansion  region  be¬ 
hind  the  generatrix  in- 
flecticn  near  the  sym¬ 
metry  plane.  On  the  lee¬ 
ward  side,  a  noticeable 
disagreement  is  again 
observed  in  the  local  ex¬ 
pansion  region  near  the 
wing  edge,  wherein  con¬ 
dition  (1)  is  violated.  It 
should  be  noted,  how¬ 
ever,  that  the  discrepan¬ 
cies  in  the  above  exam¬ 
ple  refer  to  narrow  regions,  and  there  are  grounds  to  believe  that  they  cannot  affect  apprecia¬ 
bly  the  aerodynamic  characteristics  of  bodies  in  a  supersonic  flow  (fig.5). 
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EXPERIMENTAL  STUDY  OF  ANOMALOUS  WAVE  PROCESSES 
IN  SUPERSONIC  BOUNDARY  LAYER 

A.  D.  Kosinov,  Yu.  G.  Ermolaev,  N.  V.  Semionov 

Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS 
630090,  Novosibirsk,  Russia 

INTRODUCTION 

Stability  experiments  with  controlled  disturbances  in  supersonic  boundary  layers 
have  been  carried  out  [1,  2].  In  these  works  linear  stability  theory  was  investigated  for 
wave  disturbances  with  fixed  propagation  angles.  Similar  experiments  on  linear 
development  of  wave  trains  in  supersonic  boundary  layer  have  been  conducted  in  [3]. 
Works  [2,  3]  enabled  us  to  consider  that  three-dimensional  waves  are  more  unstable  in 
supersonic  boundary  layer. 

Experiments  [4],  being  conducted  for  comparatively  low-level  amplitudes  of 
initial  disturbances,  have  shown  that  parametric  resonance  is  the  mechanism  of 
nonlinear  interaction  of  unstable  waves  in  supersonic  boundary  layer.  At  this  the  main 
energy  portion  of  subharmonic  disturbances  belongs  to  perturbations  with  wave 
propagation  angles  approximately  equal  to  80°.  However  experiments  [5,  6]  showed  that 
an  increase  of  initial  disturbance  amplitude  led  to  nonlinear  amplification  of  quasi  two- 
dimensional  subharmonic  pulsations.  This  is  generally  accepted  concept  that  laminar- 
turbulent  transition  in  supersonic  boundary  layer  are  connected  with  the  amplification 
of  three-dimensional  disturbances  [7].  So  it  is  possible  to  call  the  excitation  of  quasi 
two-dimensional  waves  in  supersonic  boundary  layer  as  “anomalous”,  as  far  as  this  fact 
stands  apart  from  our  general  concepts.  The  essence  of  our  approach,  applied  in  [5,  6] 
for  studying  the  nonlinear  stability  of  supersonic  boundary  layer,  is  that  we  used  the 
initial  disturbance  amplitude  as  a  parameter  in  experiments.  Presented  below 
experiments  have  been  performed  for  the  highest  amplitude  level  of  initial  disturbances, 
which  was  possible  with  our  source  of  controlled  pulsations.  These  experiments  are  an 
extension  of  investigations  described  in  [6]. 

EXPERIMENTAL  CONDITIONS 

Experiments  were  carried  out  in  T-325  supersonic  wind  tunnel  in  ITAM  SB  RAS 
at  Mach  number  M=2,  unit  Reynolds  number  Rei=6.5xl0«  m'I,  and  flow  velocity  in  the 
test  section  (/=504  m/s.  A  Hat  steel  plate  450  mm  length,  200  mm  wide  and  10  mm  thick 
with  a  sharp  leading  edge  [8]  was  used  as  a  model.  The  plate  was  installed  in  the  central 
plane  of  test  section  under  zero  angle  of  attack.  The  localized  generator  of  disturbances 
was  used  for  the  introduction  of  periodic  controlled  pulsations  into  boundary  layer. 
The  generator’s  design  was  based  on  the  glow  discharge  in  camera  and  was  described  in 
[8].  Artificial  perturbations  were  triggered  in  the  boundary  layer  through  the  hole  in  the 
working  surface  of  model,  0.42  mm  in  diameter.  Coordinates  of  the  source  were 

X— (38±0.25)  mm,  z— 0  (x  is  the  distance  from  the  leading  edge  and  z=0  corresponds  to 
the  central  line  of  plate). 

Constant  temperature  hot-wire  anemometer  with  bridge  1:10  and  frequency 
range  up  to  500  kHz  was  used  for  the  pulsation  measurements.  Tungsten  wire  probes  5 
micron  in  diameter  and  0.95  mm  long  were  in  use.  Measurements  were  conducted  at 
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cross  boundary  layer  position  where  natural  pulsation  profiles  had  maximum  (at  y/d, 
where  <^is  a  boundary  layer  thickness).  Hot-wire  moved  down  into  certain  position  with 
coordinates  (x,  y,  z)  using  a  traversing  gear.  An  accuracy  of  determination  of  sensor 
position  was  0.1  mm  in  (x,  z)  coordinates  and  0.01  mm  in  y.  Measurements  were 
executed  under  conditions  p(/=const  (pU  is  a  mass  flux)  and  y/S  =const  when  moving  a 
sensor  in  x  direction.  Measurements  were  conducted  under  conditions  x=const  and 
y=const  when  moving  a  sensor  in  z  direction. 

Value  of  overheat  ratio  of  hot-wire  was  installed  0,8  and  measured  perturbations 
corresponded  to  mass  flux  pulsations. 

Pulsation  and  mean  characteristics  of  flow  were  measured  by  means  of 
automated  measurement  system,  which  was  similar  to  presented  in  [8].  Pulsation  from 
the  hot-wire  anemometer  was  written  by  12-bit  ADC  with  the  frequency  750  kHz.  Start 
ADC  was  produced  with  synchronous  generator  which  determined  the  frequency  of 
introduced  disturbances.  An  accuracy  of  start  ADC  was  less  than  0.2%.  Synchronous 
signal  summation  through  128  realization  was  applied  for  improving  the  ratio 
signal/noise.  Averaged  voltage  from  the  hot-wire  anemometer  was  written  by  PC 
through  input  registers,  connected  to  the  voltmeter.  Frequency  harmonicas  were  defined 
by  means  of  discrete  Fourier-transformations  (DFT)  of  averaged  oscillograms.  The 
length  of  each  realization  was  900  signal  points. 

For  data  processing  DFT  was  used  in  the  form: 

{x,y)  =  ^ '^e'(x,zj,y,tk)  ■  -w/*])  =  , 

^  J,k 

where  e'(x,  Zjy  y,  t/J  are  pulsations  averaged  through  realization;  T  is  the  length  of 
realization  in  time. 


RESULTS 

Under  the  given  experimental  conditions  with  controlled  disturbance  excitation, 
laminar-turbulent  transition  on  model  occurred  on  20%  closer  to  the  leading  edge 
(streamwise  coordinate  x:tr=205  mm,  Reynolds  number  K&i^=yjRci  Xf^  =1150),  than  for 
natural  pulsations  (xtr=250  mm  and  Retr=1280). 

The  measurements  of  controlled  disturbances  in  boundary  layer  were  carried  out  at 
different  spanwise  coordinates  z  for  x=60,  70,  90  and  110  mm  (Reynolds  number 
X  =624,  674,  765,  846  -  accordingly).  Fig.l  presents  oscillograms  for 

controlled  pulsations  at  different  z  positions  for  x=60  and  110  mm.  Here  the  scale  of 
hot-wire  signal  amplitude  corresponds  to  12-bit  of  ADC.  For  x=60  mm  in  the  wave 
packet  center  the  «thorn»-type  oscillograms  were  observed  while  for  x=110  mm 
measured  oscillograms  were  almost  sinusoidal.  Thereby,  experiments  have  shown  that 
downstream  flow  evolution  of  periodic  wave  train  brought  about  harmonic 
disturbances.  Two-dimensional  character  of  flat  plate  boundary  layer  flow  means  that  it 
is  uniform  in  z.  This  fact  was  checked  repeatedly  in  experiments  (see,  for  example,  [3, 
8]).  However  as  far  as  amplitude  of  initial  disturbances  was  high,  a  local  change 
(stagnation  and  displacement)  of  the  mean  flow  in  the  center  of  wave  packet  occurred. 
Averaged  voltage  defect  in  the  wave  packet  center  was  about  0.05  V  at  x=60  mm  and 
about  0.15V  at  x=110  mm  (rig.2).  Consider  the  value  of  averaged  voltage  defect  of 
stationary  perturbation  amplitude,  introduced  by  the  point  source,  a  possibility  of 
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)^80mm 


Figure  1. 

downstream  growth  of  stationary  perturbation  amplitude  was  confirmed.  For  measured 
distributions,  z  width  of  nonstationary  wave  packet  agreed  with  z  width  of  averaged 
voltage  defect  of  stationary  perturbations.  Fig.  2  demonstrates  an  example  of  averaged 
voltage  distribution  in  z  and  pulsations  for  the  frequencies  10  and  20  kHz  (frequency 
„  27lf 

parameters  F  =  ^  =0.192xl(H  and  0.384x10^)  at  x=110  mm.  Here  amplitude 

represents  a  percentage  the  non-dimensional  value  e'/E  for  pulsations. 


•7E,  %  E,  V 


Z,  mm 

Figure  2. 


Perturbations 
distorted  the  mean 
velocity  profile  across 
the  boundary  layer  so 
that  boundary  layer 
thickness  increased. 
For  example,  at  x=l  10 
mm  the  boundary 
layer  thickness  in  the 
center  of  wave  packet 
was  twice  as  much  as 
compared  with  the 
thickness  6,  observed 
at  natural  conditions. 
The  observed  profiles 
of  controlled 

disturbances  had 


maxima  in  y.  At  x=  1 10 

mm,  z=0,  f=10  kHz  this  maxima  in  pulsation  profiles  were  at  0.6  mm  from  the  model, 
but  at  20  kHz  these  maxima  were  located  two  times  higher  from  the  wall.  At  this 
measurements  for  frequency  10  kHz  were  conducted  close  to  the  maximum  in  y- 
distribution  contrary  to  measurements  for  frequency  20  kHz,  which  were  executed 
below  these  maxima  in  y.  That  was  connected  with  the  following  circumstance:  for 
coordinate  value  y=const  the  same  value  was  chosen  at  which  spanwise  measurements 
at  the  maximum  of  natural  pulsations  across  the  boundary  layer  were  executed. 
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However  it  is  impossible  to  confirm  that  maximum  in  y  of  controlled  pulsations  stayed 
at  the  same  distance  from  the  model  surface  when  a  spanwise  coordinate  z  changed  . 

In  fig.  3  p  spectra  of  disturbance  amplitudes  are  shown.  Results  are  presented  in 
the  frequency  range  from  5  up  to  50  kHz  (jF=0.96xl0-5-i-0,96x  10-*),  so  long  as  high- 
frequency  pulsations  were  observed.  We  note  that  the  wave  train  width  Az  increased 
from  4  mm  at  x=60  mm  up  to  20  mm  at  x=l  10  mm,  at  this  corresponding  propagation 
angle  for  the  wave  train  was  ±9°,  that  is  1.5  times  more  than  for  linear  case  [3]  and  six 
times  more  than  for  nonlinear  evolution  of  wave  train  at  M=3  [6].  Referring  to  fig.3a,  at 
x=60  mm  /5-spectra  have  the  maximum  at  /5=0  for  all  frequencies.  We  received  similar 
result  earlier  at  Mach=4,  when  initial  wave  spectra  had  also  maxima  at  P=0  at 
frequency  20  kHz.  These  results  have  been  described  in  [9]. 


Figure  3. 

However  the  further  linear  evolution  of  disturbances  in  boundary  layer  at  M=4  showed 
the  transformation  of  initial  spectra  from  profiles  with  the  maximum  at  /5=0  to  profiles 
with  the  maximum  at  /5=0.4^0.7  rad/mm,  i.e.  just  as  is  was  expect  by  linear  stability 
theory  for  growing  three-dimensional  disturbances.  Now  such  behavior  was  not 
observed.  But  we  observed  the  strong  growth  (nearly  10  times  from  x=60  mm  to  x=l  10 
mm)  of  10  kHz  disturbances  ,  while  two-dimensional  nature  of  wave  spectra  did  not 
change  through  entire  coordinate  range  (fig. 3a). 

Growing  disturbances  with  frequency  20  kHz  were  observed.  This  growth 
averaged  4  times  when  x  changed  from  60  to  90  mm.  Only  at  Jc=U0  mm,  disturbances 
with  frequency  20  kHz  began  to  dominate  three-dimensional  waves  (  |  /5 1  «0.6 
rad/mm)  in  wave  spectra.  According  to  the  linear  stability  theory,  disturbances  with 
frequency  20  kHz  should  grow  more  intensively  than  disturbances  with  f=\0  kHz  at 
given  boundary  layer  conditions. 

The  phase  velocities  of  disturbances  C(x)- ^  xFxRe^  have  been 

A(P^ 

determined  based  on  received  phase  spectrums  evolution.  These  results  are  shown  in 
fig.4.  Fig.4  represents  disturbance  phase  velocities  for  frequencies  10  kHz  and  20  kHz. 
Obtained  dependencies  C(x)  are  unique  and  for  the  first  time  have  been  observed  in 
stability  experiments  in  supersonic  boundary  layer.  For  comparison,  linear  stability 
calculations  for  C(x)  [3])  are  displayed  in  fig.4,  which  show  a  distinctive  maximum  at 
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^0  and  minimum  at  ^±55°.  The  dependencies  received  in  the  experiments  show  that 
phase  velocities  grow  with  the  growth  of  wave  propagation  angle,  but  values  of  phase 
velocities  averages  30-40%  higher  than  for  the  case  of  eigenmodes  for  supersonic 
boundary  layer. 

The  harmonic 
nature  of  wave  train 
evolution  was  observed  in 
these  experiments  up  to 
x=150  mm  (Re=987). 
Measurements  in  this 
experiments  were 

executed  only  till  this 
downstream  position. 
Pulsation  distribution 
across  boundary  layer  at 
x=140  mm  (Re=954) 
showed  that  wave  train 
amplitude  decreased 
quickly  with  the  distance 
from  model  surface 
increased,  that  was 
inherent  for  vortex 
disturbances.  The 

Figure  4.  distortion  of  harmonic 

disturbances  to  smoothed 

saw-tooth  shape  and  later  back  to  the  sinusoidal  shape  was  observed  near  the  external 
edge  of  boundary  layer.  Such  changes  in  oscillograms  corresponded  to  the  appearance 
of  high-frequency  pulsations  at  external  edge  of  boundary  layer. 

CONCLUSIONS 

Our  study  of  nonlinear  wave  packet  evolution  has  shown  an  amplification  of 
two-dimensional  disturbances  in  supersonic  boundary  layer  at  M=2.  Degeneration  of 
high-frequency  harmonics  occur  as  a  result  of  disturbance  evolution.  Perturbations  are 
shown  to  be  vortexes.  Their  phase  velocities  are  30-40%  higher  as  compared  with 
eigenmodes  of  supersonic  boundary  layer.  The  strong  growth  of  quasi  two-dimensional 
disturbances  is  probably  connected  with  the  growth  of  stationary  vortex  generated  by 
the  source  of  controlled  pulsations  in  the  experiments. 
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EXPERIMENTAL  AND  NUMERICAL  MODELLING 
OF  SWIRLING  TURBULENT  WAKE 
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Abstract 

The  numerical  model  of  axisymmetric  swirling  turbulent  wakes  is  presented. 
This  model  is  based  on  averaged  equations  for  the  motion,  incompressibility,  normal 
Reynolds  stresses  transfer  and  algebraic  relations  for  determination  of  shear  stresses. 
The  results  of  computations  are  in  a  good  agreement  with  experimental  data. 


The  present  study  is  dedicated  to  formulation  of  a  mathematical  model  describing 
the  decay  of  free  swirling  turbulent  flows.  The  model  is  implemented  to  the  problem  of 
numerical  simulation  of  decay  of  jocisymmetric  wake  having  zero  total  excess  momentum 
and  non-zero  angular  momentum  conditioned  by  swirling  motion  in  the  wake.  The  wake 
of  this  type  is  observed  for  example  in  the  wake  past  a  body  having  a  screw  propeller  and 
moving  at  constant  forward  speed.  The  momentumless  wake  with  non-zero  swirling  past 
a  slender  axisymmetric  body  has  been  analysed  numerically  using  a  simplified  c-model  of 
turbulence  [1,2].  The  critical  review  of  above-mentioned  and  some  successive  works  may 
be  found  in  [3].  The  self-similar  solutions  for  swirling  wake  behind  a  self-propelled  body 
have  been  analytically  and  numerically  obtained  in  [4]  based  on  classic  e  -  e-model. 

Below  presented  are  the  results  of  computations  using  the  semi-empirical  turbulence 
model  including  averaged  equations  for  motion  combined  with  differential  transport  equa¬ 
tions  for  normal  Reynolds  stresses.  One  component  of  shear  stress  is  obtained  as  a  so¬ 
lution  of  differential  equation  while  the  other  components  axe  calculated  using  the  non¬ 
equilibrium  algebraic  approximations.  The  comparison  of  experimental  and  numerical 
data  is  presented. 

1.  To  describe  the  flow  the  following  system  of  averaged  equations  for  the  motion  and 
continuity  in  the  thin  shear  layer  approximation  is  used 


rdU  . 


1  d 
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t/—  4-  V—  +  — 

dx  dr  r 


Id 

=  — -^r  <  v  w  > 
r  or 
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dx  ^  dr  ^  r 


(3) 


Here  x^r^tp — is  cylindrriccil  coordinate  system  with  the  origin  at  the  trailing  edge  of  the 
body;  x  -axis  is  directed  opposite  to  the  direction  of  the  body  motion;  f/,  V,  Wy  v\  w* 
—  are  relevant  velocity  components  of  averaged  and  fluctuating  motion;  <  >,  <  >, 

<  >y  <  u'v'  >,  <  u'w'  >,  <  v'w'  >  —  Reynolds  stresses;  the  symbol  <>  denotes 
the  averaging.  In  the  right-hand  sides  of  Eqs.  (1),  (2)  the  terms  containing  co-factor  in 
the  form  of  the  coefficient  of  the  laminar  viscosity  have  been  omitted  under  assumption 
of  their  smallness. 

Closed  mathematical  model  includes  the  following  equations  [5,  6]  for  determination 
of  Reynolds  stresses  in  addition  to  Eqs.  (l)-(3) 
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Here  ai  =  -A-,  A  =  ^  - . 

e’  Ci  +  P/e-1 


The  energy  balance  equation  is  the  consequence  of  normall  stress  transfer  equations 
(4)-(6) 

To  determine  the  values  of  the  rate  of  dissipation  e  we  make  use  of  the  relevant 
differential  equation 


U—  q-  V—  -  ^  fre<v'^  >de 

dx  dr  r  \  e  dr 


)+^(C.,P-C'.,6).  (11) 


The  value  P  is  the  energy  production  caused  by  averaged  motion 


(  ,  t  dU  ,  ,  d{WlT)\ 

The  quantities  Ca,  Cgy  a,  Ci,  ^2,  Cei,  (7e2  are  empirical  constants.  Their  values  are 
taken  to  be  equal  0.22,  0.17,  0.93,  0.6,  2.2,  1.3,  1.45,  1.92. 

The  problem  variables  can  be  made  dimensionless  by  using  the  characteristic  length 
D  (the  body  diameter)  and  the  velocity  scale  Uq.  At  a  distance  x  —  xq  from  the  body 
the  initial  conditions  for  //,  <  u\u'-  >,e:,  are  specified  as  functions  consistent  with  the 

experimental  data.  At  r  — >  oo  the  free  stream  conditions  are  specified,  the  boundary 
values  at  r  =  0  are  determined  from  conditions  of  symmetry  for  functions  17,  <  >, 

<  >,  <  >,  <  v'w'  >,  e  and  antisymmetry  for  VT,  V,  <  u'v'  >,  <  u'ly'  >. 

2.  The  algorithm  of  the  problem  solution  is  similar  to  presented  in  [7].  Beforehand  the 
equations  of  model  were  reduced  to  conservative  form  in  which  the  laws  of  momentum  and 
angular  momentum  are  a  consequence  of  the  integration  of  equations  (1),  (2)  over  the  total 
cross  section  of  the  wake.  Finite  difference  approximations  of  equations  and  boundary 
conditions  conservative  with  respect  to  these  laws  have  been  constructed.  Numerical 
algorithm  testing  was  performed  using  Loitsiansky  asymptotic  solution  of  the  problem  of 
laminar  submerged  swirling  jet  degeneration. 

3.  The  experimental  data  used  for  comparison  with  numerical  results  have  been  ob¬ 
tained  in  the  wake  past  the  sphere  of  diameter  D  =  25  mm.  The  hydrodynamic  resistance 
of  the  sphere  was  balanced  by  momentum  of  the  swirling  jet  issued  at  its  rear  end.  The 
experiments  were  carried  out  in  a  wind  tunnel.  The  sphere  was  placed  in  uniform  air  flow 
having  the  velocity  Uq  =  15.2  m/sec.  Three  components  of  velocity  and  all  components 
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of  the  Reynolds  stress  tensor  were  measured  by  hot-wire  anemometer  using  the  technique 
of  probe  orientation  along  the  vector  of  mean  velocity.  The  experimental  conditions, 
technique  and  obtained  results  are  presented  in  more  detail  in  [8]. 

4.  The  results  of  calculations  are  presented  below.  At  a  distance  x  =  lOD  the  initial 
values  were  specified  using  experimental  data.  For  the  sake  of  simplicity  the  computa¬ 
tions  were  performed  on  uniform  stationary  grids.  The  selection  of  grid  parameters  was 
performed  in  numerical  experiments  so  that  simultaneous  twofold  decrease  of  the  values 
of  grid  steps  in  variables  r,  x  led  to  deviations  which  did  not  exceed  2  %  in  uniform  norm. 

Normalized  mean  velocity  defect  profiles  Ui  =  U  -  Uo  and  tangential  velocity  com¬ 
ponent  W  are  presented  in  Fig.  1  a,b.  Profiles  of  Reynolds  shear  stresses  <  u'v'  >, 
<  v'w'  >  are  plotted  in  Fig.  2  a,b.  The  results  of  numerical  analysis  are  denoted  by 
solid  curves,  points  correspond  to  experimental  data  which  are  presented  for  distances 
x/D  =  20,  50, 100. 


Figure  3  shows  decay  of  centerline  values  of  velocity  deficit  C/io,  maximum  axial  tur¬ 
bulence  intensity  (values  cr„°,  are  practically  identical),  half- width  ri/2/f^ 
(which  is  defined  from  relation  cru(a;,ri/2)  =  au{x,0)/2),  maximum  value  of  tangential 
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velocity  component  \W\maxlUo  as  functions  of  the  axial  distance  x/Z).  As  shown  in  these 
Figs,  results  of  numerical  modelling  (solid  curves)  are  in  satisfactory  agreement  with 
experimental  data  (markers). 

The  present  research  has  been  supported  by  Russian  Foundation  of  Basic  Research 
(grants  No  95-01-00910,  95-01-01339). 
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SIMULATION  OF  FLIGHT  CONDITIONS  FOR  SPACE  PROBES  IN  MARTIAN 
ATMOSPHERE  IN  U-21  TRANSONIC  WIND  TUNNEL 


V.A.  Kozlovskii,  V.I.  Lapygin,  Yu.M.  Lipnitski,  A.S.  Merkishin,  K.A.  Stekenius 

(TSNIIMASH,  4  Pionerskaya  St.,  Korolev  141070,  Moscow  region,  RUSSIA) 

The  peculiarity  of  simulating  conditions  for  a  space  vehicle  flight  in  rarefied  Martian 
atmosphere  is  the  necessity  to  obtain  rather  low  Reynolds  number.  As  an  example  Fig.l 
presents  Mach  number  plotted  against  Reynolds  number  Rcd  for  possible  descent  trajectories 
of  the  probe-penetrator  landing  on  the  planet  surface,  the  penetrator  is  intended  to  investigate 
the  planet  ground.  The  main  similarity  criterion  respectively  to  static  aerodynamic 
characteristics  at  subsonic  portion  of  the  probe  descent  trajectory  (before  landing)  is  Reynolds 
number  ReD=pVD/p.,  where  p,  V,  \i  are  undisturbed  flow  density,  velocity  and  dynamic 
viscosity  coefficient,  correspondingly,  and  D-  the  vehicle  diameter. 

Linear  dimension  D  has  usually  upper  -  de6ned  by  conditions  of  acceptable  flow 
blockage  by  the  model,  and  lower  -  defined  by  in-model  arrangement  of  required  measuring 
means  and  geometric  similarity  with  the  real  vehicle  ,  bounds  .  Therefore  due  to  limitations 
imposed  on  the  model  minimum  size  it  is  necessary  to  tests  models  in  a  flow  with  low  density  p 
in  order  to  obtain  low  Reynolds  number  Ren.  Herewith  it  is  required  to  take  into  consideration 
that  when  unsteady  aerodynamic  characteristics  are  examined  using  dynamically  simitar 
models,  the  density  value  p  is  also  imposed  on  by  restrictions  in  order  to  provide  required 
value  of  Strouhal  value  Sh  and  Newton  value  Ne2  which  are  similarity  criteria  for  the  vehicle 
oscillation  motion  with  respect  to  its  centre  of  mass.  It  is  seen  from  the  relations  Sh  = 
[(7i:/8m7“Ne2]‘^=  [(7i/8m2“(pD5/Iz]‘'^,  here  mz®  and  L  are  pitch  moment  coefficient  with  respect 
to  the  angle  of  attack,  a  characteristic  of  the  vehicle  static  longitudinal  stability  ,  and  moment 
of  inertia  with  respect  to  the  vehicle/model  transverse  axis  Z,  correspondingly. 

Thus  working  flow  density  p  and  total  pressure  Po  are  selected  in  such  a  way  that 
required  values  of  similarity  criteria  Rcd  and  Sh  are  provided  at  the  same  time  taking  into 
account  probable  linear  dimension  D  of  the  model. 

Specifications  of  U-21  large-scale  transonic  wind  tunnel  (Aerogasdynamic  Centre, 
TSNIlMash)  are  in  substantial  compliance  with  the  above  conditions  in  case  of  simulating  a 
vehicle  flight  in  the  Mars  atmosphere  at  transonic  and  subsonic  velocity.  The  cross  section  of 
the  wind  tunnel  working  section  is  1.4x1. 4  m,  where  flows  are  provided  at  Mach  number  M  = 
0.2...  1.4  and  1.8.  U-21  wind  tunnel  may  operate  using  pressure  ejector  with  exhaust  into 
atmosphere  (open  scheme),  and  also  with  the  help  of  turbo-exhauster  system  (semi-closed  or 
closed  circle). 

The  diagram  "M-Rei"  for  U-21  wind  tunnel  is  shown  in  Fig. 2,  here  Reynolds  number  is 
based  on  reference  linear  dimension  L=lm.  Regions  of  working  parameters  have  the  following 
bounds: 

A  -  the  upper  bound  for  Rei  based  on  the  conditions  of  sufficient  safety  margin  for  the 
structure  of  the  wind  tunnel  units  and  efficiency  of  pressure  ejector  operation 
(Rei=4I0’...1.110'); 

B  -  the  lower  bound  for  Rei  when  the  tunnel  operates  with  exhaust  into  atmosphere 
(Rei=510‘...310’); 

D  -  the  upper  bound  for  Rei  basing  on  turbo-exhauster  system  operation  regime 
(Re,=810‘...210’); 
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E  -  the  lower  bound  for  Rej  provided  by  turb^exhauster  system  (Rei=2’10*...610’). 

Fig.2  illustrates  also  Mach  number  and  Reynolds  number  for  Martian  probe-penetrator 
flight  trajectory  (see  Fig.l)  reduced  to  the  reference  length  Im.  The  values  of  indicated 
simulation  cnteria  for  Martian  probe  lay  in  the  re^on  of  U-21  working  parameters  provided  by 
operation  vAth  the  turbo-exhauster  system.  That  is  why  U-21  wind  tunnel  was  chosen  for  final 
aerodynamic  development  of  Martian-probe-penetrator  configuration. 

Initial  configuration  for  such  testing  was  determined  in  Lavochkin  Association 
(Khi^y,  Russia)  during  the  probe  design.  As  a  result  of  the  probe  aerodynamic  testing  it  was 
required  to  find  the  modification  of  initial  shape  which  corresponds  to  the  condition?  for 
reliable  penetration  of  the  probe  nose  needle-like  part  into  the  planet  ground.  For  this  purpose 
at  subsonic  portion  of  flight  trajectory  near  the  planet  surface  the  penetrator  has  to  possess 
drag  coefficient  0.82  and  oscillation  amplitude  A  not  more  than  5°. 

Fig.  3  illustrates  the  probe  initial  shape  (Variant  1)  and  some  of  its  examined 
modifications  (variants  2,  3-5,  6-9).  The  Initial  configuration  includes  needle-like  nose  part, 
conical  centr^  and  toroidal  base  parts,  and  base  toroid  is  set  on  8  cylindrical  inclined  pillars 
placed  in  meridian  planes.  Windows  (ducts)  are  between  the  pillars  of  the  initial  configuration. 

Investigation  of  the  model  for  testing  the  probe  static  and  unsteady  aerodynamic 
characteristics  which  satisfies  all  above  conditions  of  aerodynamic  simulation  had  shown  that 
for  such  off-beat  initial  configuration  the  diameter  of  the  model  torus  is  D  =  250  mm.  The 
model  is  1:15  scaled. 

The  nose  and  partially  central  conical  parts  of  the  model  are  manufactured  from 
aluminium  alloy.  The  most  part  of  the  central  part,  toroidal  base  part  and  pillars  are 
manufactured  from  a  hard  foam,  and  the  base  and  pillars  are  reinforced  by  aluminium  plates 
according  to  a  special  force  scheme.  The  model  structure  includes  mounting  of  balancing  loads 
from  different  materials,  wolfram  alloy  among  them. 

General  results  of  experimental  investigation  of  static  characteristics  for  various 
modifications  of  the  probe-penetrator  using  the  balance  technique  are  presented  in  Fig. 4  as 
plots  with  drag  coefficient  C*  and  stability  factor  m/  for  examined  configurations. 
Comparative  tests  with  initial  and  chosen  modifications  were  carried  out  at  low  flight  and 
moderate  values  of  Reynolds  number.  Some  intermediate  tests  were  carried  out  with  moderate 
Reo  only,  because  it  requires  economic  operation  regime  of  U-21  wind  tunnel. 

^Drag  coefficient  for  initial  configuration  (Variant  1)  is  equal  to  0.63  at  moderate  Rcd  = 

1 .4- 10  ,  and  at  low  flight  value  Reo  =  2.6- 10*  it  is  equal  to  0.77,  that  is  significantly  lower  than 
required  value  0.82  (Fig.4.) 

At  the  same  time  tests  ^th  dynamically  similar  model  using  free  oscillation  technique 
have  shown  that  the  probe  initial  configuration  is  dynamically  unstable  in  the  vicinity  of  zero 
angle  of  attack,  Anti-damping  coefficient  and  amplitude  of  self-excited  oscillations  realised  in 
flight  depend  essentially  on  Re>molds  number.  Self-excited  oscillations  amplitude  increases 
when  Reynolds  number  decreases  and  reaches  the  value  Ao  =  10°  at  flight  value  Reo  =  2  6- 10* 
it  is  significantly  higher  than  admissible  level  (Fig.5). 

Flexible  strips  connected  to  the  torus  by  their  front  ends  (Variant  2)  allow  to  rise  Cx 
and  mz“,  but  efficiency  of  the  strips  with  acceptable  length  is  not  sufficient  (Fig.4).  Besides, 
free  oscillating  strips  (due  to  their  chaotic  motion  mth  an  extent  span)  may  influence 
negatively  on  oscillation  amplitude  of  the  vehicle  body, 

The  more  effective  mean  for  rising  C*  coefficient  is  something  like  strip  parachute  when 
downstream  ends  of  the  strips  are  connected  to  one  ring  (Fig.3,  Variants  3-5).  The  strips  have 
a  shape  of  parachute  canopy  in  the  flow.  Tests  have  shown  that  fi-ee  strips  (Variant  2)  and 
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-number  of  strips* 


Moo  =  0.52 
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strips  parachute  with  the  same  strip  length  (Variant  3)  provide  practically  the  same  growth  of 
the  probe  drag  (Fig.4).  When  the  strip  length  is  reduced  and  also  if  their  number  is  increased 
(Variants  4,5)  Cx  coefficient  increases  noticeably  (the  effects  of  free  strips  reduced  length  and 
reduced  number  of  strips  in  the  parachute  are  the  contrary).  But  strip  parachute  with 
acceptable  geometrical  parameters  does  not  provide  yet  the  required  value  Cx;^.82,  and  its 
compact  folding  inside  the  probe  (while  the  probe  flights  from  the  planet  to  planet)  is  difficult. 

The  testing  of  the  strip  parachute  (Variant  5)  has  shown  that  blockage  of  the  windows 
between  the  pillars  may  cause  rise  of  the  drag  with  no  negative  consequences  with  respect  to 
the  vehicle  stability  (Fig.4).  Taking  this  fact  into  account,  the  probe  modification  with  circiJlar 
partitions  on  pillars  which  blockage  at  some  or  another  degree  the  windows  between  the  pillars 
was  examined  (Fig. 3.,  Variants  6-9).  The  tests  have  shown  that  Cx  coefficient  increases  with 
increasing  covered  area  of  the  windows  between  the  pillars,  and  decrease  of  integral  area  of  the 
duct  to  6%  of  the  probe  midsection  area  (Variant  7)  and  less  (variant  8)  provides  the  rise  of 
drag  coefficient  Cx  up  to  required  value  Cx>0.82  (Fig.4,  Variants  6-8).  A  degree  of  the  probe 
static  stability  m^®  increases  in  this  case  too  (Fig.4). 

Next  tests  were  intended  to  determine  static  and  unsteady  characteristics  for  the 
penetrator  with  the  windows  between  the  pillars  covered  completely  at  low  flight  Reynolds 
number.  In  order  to  provide  required  Strouhal  value  the  circular  partition  was  made  from  a 
light  parachute  silk.  Tests  have  shown  that  if  Reynolds  number  Reo  is  reduced  to  -2.710*,  the 
probe  drag  increases  more,  and  stability  factor  falls,  but  is  still  acceptable  (Fig.4,  Variant 
9).  After  placing  circular  partition  self-excited  oscillation  amplitude  at  Reynolds  number  closed 
to  its  flight  value  was  reduced  to  admissible  level  and  for  examined  range  of  the  flow 
parameters  (M=0.38...0.69)  didn't  exceed  Ao=5...5.6®. 

Thus  U-21  large-scale  variable  density  sub-  and  transonic  wind  tunnel  provides 
simulation  of  the  conditions  for  the  vehicle  flight  trajectory  in  rarefied  Martian  atmosphere. 
Therefore  modifications  of  Martian  probe-penetrator  were  investigated  in  U-21  wind  tunnel 
and  one  with  required  aerodynamic  characteristics  was  found.  It  was  the  configuration  with 
closed  windows  between  the  pillars  which  was  realised  as  a  structure  of  the  real  Martian 
probe-penetrator. 
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NUMERICAL  ANALYSIS  OF  THE  PROCESSES  OF  SHOCK  IGNITION  AND 
WAVE-EVOLUTION  OF  HETEROGENEOUS  COMBUSTION  IN  A  NONUNIFORM 
UNITYFUEL  IN  DISPERSION  LAYER 


A.G.  Kutushev,  S.P.  Rodionov 

Tyumen  division  of  Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS 
625000,  Tyumen,  Russia 


One-dimensional  detonation  waves  evolution  in  mono-  and  polydispersed  gas 
suspension  of  unitary  (oxide  containing)  fuel  were  considered  in  [1,  2].  Critical  conditions  of 
detonation  wave  initiation  by  impulse  impact  on  reactive  dispersed  media  are  established  in  [3]. 
Present  work  is  devoted  to  the  numerical  analysis  of  two-dimensional  problem  of  shock 
ignition  of  detonation  in  square  void  part  of  which  is  filled  by  propellant  suspension  layer. 

Two-dimensional  nonstationary  flow  of  reactive  mixture  is  described  by  the  following 
equation  set  [4] 


9pik  SpuVj,  gpitn,. 
dt  dx  dy 


=  (k-\)J,  Pi  =^Pu  , 


k=\ 


^P2  P_92^2x  ^P2^2y  dn  5/IV2,  dnV2y 

dt  dx  dy  ~  dt'^  dx  dy  ^ 

+ (2-0^ = -  >2,). 
+  (2-o|^  =  (-1)'(^^->2,). 


dt  dx  dy 

^P.*'»  SpiVjyV^  5p,v»v,> 
dt  ^  dx  ^  dy 


5P2«2  ,  ,  5P2«2V2,.  «  ,  „  , 

- +  — :: - -  +  — 2 - =  Qvf.-J)-Je2> 


dt 


dx 


dy 


Zpp,£,  djpiEj  +aip)Vi,  S(PiEj  +a,p)v,^ 
\  dt  dx  dy 

1  =  1 


2 

Pit  =  PitOii ,  p,  =  p?a, .  P?  =  ^  P?t .  El  =  e,  +  0,5  vf , 

k=\ 


vf  =V?  +v?  (/,  A:  =  1,2),  02  -  O1+O2  =1. 

Here  subscripts  indicates  parameters  of  phases;  “/=r’  gaseous  phase,  “/=2” 
dispersed  phase  (particles),  index  k  denotes  parameters  of  gaseous  phase  component;  k=\  - 
inert  gas,  k=2  -  gaseous  product  of  burning. 

Here  and  pjt  are  reduced  and  true  densities  of  the  it-th  component  of  gaseous 
phase;  p, ,  p9 ,  v,  ,  a, ,  e,  ,  £,  -  are  reduced  and  true  densities,  velocity,  volume 
concentration,  internal  and  total  energy  Mh  phase  (/=1;  2)  respectively;  and  -  are 
components  of  velocity  vector  V^;  n  is  number  concentration  of  dispersed  particles;  d  is 
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diameter  of  particles;  p  is  pressure  in  gaseous  phase;  and  F 


y  are  components  of  interphase 
and  dispersed  phases;  J  mass 


interaction  force;  Q  is  heat  flux  between  gaseous 
transformation  rate. 

Equations  of  phase  state,  heat  and  mass  transformation  are  considered  and  given  in  [1- 
4]. 

The  following  problem  was  considered.  Long  square  channel  (0  <  x  <  oo,  0^  ^  lO*  is 
filled  partially  {Xf  <  x  <  0  ^  y  ^  yo)  by  gas  suspension  of  monodispersed  unitary  fuel 

propellant,  the  rest  of  channel  is  occupied  by  gas.  In  the  initial  moment  /  -  0  the  gas  in  a  part 
of  the  channel  (0  ^  x  ^  x/ ,  0  ^  ^  is  distuihed  by  shock  wave  with  linear  shape  of  mass 
velocity  behind  the  shock.  The  process  of  shock  wave  interaction  with  the  suspension  is 
considered  main  features  of  detonation  ignition  are  analysed. 

Boundary  conditions  involve  zero  normal  velocity  components  the  walls. 

**Coarse  particles**  method  of  numerical  calculation  is  used,  one  run  on  IBM  PC  AT 
486  takes  ~(l-5)  hours  of  CPU-time.  All  calculations  were  performed  for  the  size  of  initial 
shock  wave  Xf  ^,Sm  and  channel  cross  section  Y  -  0,2m.  Space  distribution  of  particle 
concentration  was  as  follows 


«2=«20 


Xf  -X 


V  J 


{0<x<<x>,0<y<Y\yo<Y), 


here  >^0  -  top  size  of  propellant  layer. 

Increase  or  damp  of  particle  combustion  in  gas  suspension  is  determined  by  relative 
dispersed  phase  content  m  =  p2o/pio  ,  particle  size  do  and  initial  shock  wave  amplitude 
determined  by  Mach  number  -  Mo  [4].  Let  analyse  this  effect  in  the  presented  problem. 

Scheme  of  problem  and  formation  of  damp  combustion  wave  in  unitary  fuel  suspension 
(«  =  10. 4)  =  SOmkm, yo=  f/2.  Mo  =  3,5)  aty  =  0  (solid  lines), y/X  =  0,5  (dashed  lines)  andy/X 
“  1  (dash-dot  lines)  in  moments  of  time  //  “  3,3-(2  /  -1)  ms  (i  =  1+3)  is  shown  on  fig.  1 .  It  was 
established  that  the  shock  wave  fi'ont  practically  did  not  move  in  vertical  cross  section  of  the 
channel.  Horisontal  movement  of  shock  fi'ont  slightly  decrease  fi'om  bottom  to  top  of  the 
channel.  The  reason  of  this  fi-ont  velocity  decrease  is  explained  by  different  acoustic  velocity  in 
gas  and  suspension. 

Evolution  of  detonation  wave  in  reactive  suspension  do  -  30mkm,  y©  =  172), 

initiated  by  shock  wave  (M©  =  9)  is  presented  on  fig.2.  The  highest  pressure  behind  detonation 
fi-ont  occurs  near  the  bottom  (y  =  0).  Maximum  pressure  amplitude  drops  from  bottom  to  top 
and  approximately  constant  in  the  gas  region  of  the  channel.  Pressure  shock  wave  velocity  in 
gas  region  larger  than  detonation  wave  velocity  in  the  suspension  region.  Detonation  wave 
propagation  is  followed  by  pressure  wave  configuration  caused  by  reflection  fi-ont  boundaries, 
inclined  fi-ont  shape  and  expansion  of  reaction. 

Calculations  results  on  dependence  of  critical  (minimum)  Mach  number  of  initial  shock 
wave  fi-om  initial  particle  size  for  relative  particle  content  m  =  5  and  various  dispersed  phase 
configuration  atyo/y=  1;  0,75;  0,5  (curves  1+3)  are  given  on  fig.3.  Caseyo/T  =  1  denotes 
uniform  particle  distribution  in  the  whole  channel. 

Decrease  of  suspension  region  size  for  m  -  const  causes  rize  of  critical  Mach  number 
(M©*)  over  value  of  Mach  number  for  uniform  suspension  distribution  in  the  whole  channel. 
This  tendency  increase  with  particle  size  rize.  This  effect  may  be  explained  by  partial  energy 
impact  of  initial  shock  wave  on  suspension  layer  nevertheless  that  surface  contact  of  energy 
impact  is  larger  than  fi-ont  contact  in  uniform  suspension  distribution  case. 
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Fig.2 
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0  40  80  dp.ttitw. 

Fig.3 

The  main  conclusion  of  the  presented  numerical  analysis  establishes  that  increase  of 
suspension  layer  size  in  square  channel  causes  rize  of  critical  (minimum)  Mach  number  of  initial 
shock  wave. 
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NUMERICAL  INVESTIGATION  OF  INFLUENCE  OF  LAYER  POWDERY  MEDIA 
AND  INCIDENT  SHOCK  WAVE  PARAMETERS  ON  PROCESS  OF  VARUTION 

OF  PRESSURE  ON  WALL 


A.G.  Kutushev,  S.P.  Rodionov 

Tyumen  division  of  Institute  of  Theoretical  and  Applied  Mechanics  SB  RAS 
625000,  Tyumen,  Russia 


Numerical  modelling  of  the  process  of  sanded  layer  shielding  of  shock  wave  influence 
at  the  face  of  the  tube  in  the  frameworks  of  two-phase  sandedmedia  with  non-linear-elastic 
equation  of  state  for  powder  skeleton  was  fiilfilled  in  the  paper  [1].  Comparing  numerical 
solutions  with  experimental  data  [2]  an  adequate  description  of  wave  process  by  used 
mathematical  model  of  powdery  medium  was  shown.  In  the  present  paper  which  logically 
continues  [1]  numerical  analysis  of  poured  layer  parameters  influence  on  the  full  powder 
pressure  variation  at  a  shielded  rigid  wall  is  been  fulfilled. 


The  set  of  equations  of  plane  one-dimensional  nonstationary  motion  of  gas  and 
particles  has  the  following  form  [1-3]: 
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p,  =p?a,,  £,  =e,  +0,5v?,  (i  =  s,g),  a^+a,  =  1,  e,  =e,7-+e«. 


This  set  of  equations  represents  conservation  laws  of  mass,  momentum,  energy  of  dispersed 
phase  and  total  energy  of  mixture.  Indexes  "g”  and  "s"  indicate  parameters  of  gaseous  and 
dispersed  phases  respectively;,  p,  p®,  a,  v,  e,  £  -  reduced  and  true  densities,  volume 
concentration,  velocity,  internal  and  total  energy  respectively  of  one  or  another  component  of  a 

wuxture;  Pg  •  pressure;  a"  -  longitudinal  component  of  "efficient"  stress  tensor  in 

porous  powdery  medium,  this  tensor  is  determined  by  a  strain  of  solid  particles  due  to 
intergranular  contacts  of  particles;  and  Qg,  -drag  force  and  rate  of  heat  transfer  to 

particles;  e^j  and  -thermal  and  elastic  components  of  internal  energy  of  powdery  medium; 

^,7- .-  coefficient  defining  a  share  of  work  of  mtergranular  interaction  forces,  ( -  a"  /  cbc ), 
which  responds  for  heating  of  powder  skeleton  (0^1^ ,7- 11). 

The  set  of  differential  equations  is  being  closed  by  equations  of  phases  state  and  lows 
of  interphase  interaction  [  1  ] . 
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Fig.1 


In  the  frameworks  of  presented  set  of  equations  we  consider  following  problem 
schematically  shown  on  fig.l.  A  rectangular  form  shock  wave  penetrates  from  gaseous  region 
into  uniform  dispersed  layer  of  poured  powdery  medium  with  length  /,  which  shields  a  rigid 
nonmoveable  wall.  The  aim  of  research  is  investigation  of  influence  of  parameters  of  powdery 
medium  and  poured  layer  on  the  process  of  shock  wave  loading  of  a  rigid  wall. 

On  the  left  boundary  (x  =  0)  we  have  condition  of  free  flow  for  gaseous  phase  and  on 
the  right  boundary  (jc  =  Xw)  -  velocities  of  gas  and  particles  equal  to  zero. 

“Coarse  particle”  method  was  used  to  receive  numerical  solution  of  set  of  equations  of 
powdery  medium  motion.  It  took  approx.  10  hours  to  calculate  one  variant  using  IBM  PC  AT 
486.  Specifications  of  air  and  polistirol  particles  [1,2]  were  used  in  calculations. 

Value  of  pressure  of  shock  wave  falling  at  shielding  layer  considered  to  be  equal  p*  = 
2po.  Extension  of  powdery  layer  /,  varies  in  intervals  10-40  mm.  Volume  content  and  particle 
diameters  of  poured  medium  varies  in  intervals  0,48  <  <  0,7  and  200  <d  <  1000  mkm. 

Sound  velocity  in  poured  powdery  medium  considered  to  be  420  m/s.  Phase  parameters 
in  nondisterbed  state  correspond  to  normal  atmosphere  conditions  (po  -  0,lMna;  To  -  293  K). 

Let's  see  solutions  of  numerical  simulation.  On  fig. 2.  calculated  "oscillograms"  of  full 
pressure  at  the  obstacle  corresponding  to  the  length  of  poured  layer  /^  =  10  (solid  lines),  15 
(dashed  lines)  and  20  (dash-dot  lines)  mm  are  shown.  Dot  lines  denote  pressure  of  porous  gas. 
One  can  see  a  pulse  character  of  frill  stress  of  powdery  layer  at  the  wall  and  monotonous 
behaviour  of  gas  pressure.  Continuous  increase  of  gas  pressure  at  the  barrier  is  determined  by 
process  of  gas  filtration  in  porous  medium.  Pulsation  width  of  dispersed  phase  full  pressure 
(Pz)  increases  with  4  increase.  An  amplitude  of  the  first  maximum  of  mixture's  frill  pressure 
also  increases  while  length  /,  increase.  A  growing  character  of  pressure  variation  at  the 
barrier  from  /,  is  determined  by  the  fact  that  formation  of  compression  wave  pressure  in 
powder  skeleton  occurs  in  finite  time  period,  and  an  amplitude  of  reflection  wave  in  powder  is 
proportional  to  amplitude  of  falling  wave. 

Calculated  dependencies  of  mixture's  full  pressure  at  a  face  of  a  tube  at  values  of 
powder  particle  diameters  d  =  200  (solid  lines),  500  (dashed  lines)  and  1000  (dash-dot  lines) 
mkm  are  shown  on  fig.3.  Particle  sizes  and  therefore  the  force  of  interphase  interaction  do  not 
influence  the  amplitude  of  the  first  maximum  of  frill  pressure  at  the  wall  which  is  determined  by 
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quick  (deformation)  wave  of  compression.  At  the  same  time  a  size  of  dispersed  particles 
influences  greatly  a  slow  (filtration)  gas  pressure  wave.  Increase  of  particle  size  results  in  more 
rapid  damping  of  deformation  wave  induced  by  orientated  infiltrate  gas  motion  in  powdery 
medium. 


Calculated  "oscillograms"  of  mixture's  full  pressure  at  the  face  of  a  tube  shielded  by 
porous  powdery  layer  with  (solid  lines);  0,6  (dashed  lines);  0,7  (dash-dot  lines)  are 

shown  on  fig.4.  One  can  see  that  a^o  increase  leads  to  the  increase  of  the  first  and  posterior 
amplitudes  of  maximums  and  to  increase  of  filtration  wave  duration.  This  mentioned  fact 
can  be  explained  by  the  following:  an  increase  of  forces  acting  on  the  particles  of  powdery 
medium  occurs  with  increase,  thus  increases  a  share  of  impulse  transferred  from  gas  to 
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disperse  phase.  The  later  means  that  with  the  growth  of  a^o  increase  of  amplitude  of 
deformation  wave  falling  at  the  wall  takes  place  and  therefore  increase  of  reflecting  wave 
amplitude.  We  can  also  mentioned  the  fact  of  number  of  maximums  increase  at  the  wall  of 

a  tube. 


It  is  convenient  to  make  analysis  of  above  mentioned  influence  of  parameters  of  poured 
medium  and  shielded  layer  (a^,  ,  Z^)  on  value  at  rigid  wall  using  characteristic  times  of 

deformation  wave  circulation  in  poured  medium  ( )  and  gas  filtration  in  porous  layer  ( ty  ) 


T 

v%-v 


1  + 


1.75a, 


150a 


(2) 


K  =  — p“a?.  *  =  *r 


l,75ag 

1+  -  Re 

150a, 


gs 


kn  = 


0‘y 

150a? 


Here:  k  coefficient  of  powder  permeability;  ho  and  x®  -  coefficients  of  powder  permeability 

and  characteristic  time  of  gas  filtration  with  Reynolds  number  of  relative  phase  motion 
Regj<l;  \ig  -  gas  dynamic  viscosity. 

It  is  obvious  that  ratio  of  characteristic  times  (2) 
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is  quite  informative  characteristic  of  filtration  influence  on  the  process  of  impulse  transfer  from 
gas  to  powdery  medium  particles  and  full  mixtures  pressure  on  walls  of  a  tube.  In  marginal 
cases  n»\  and  n<\  maximum  and  minimal  impulse  transfer  of  gas  in  disperse  phase  takes 
place.  The  number  of  mixture's  full  pressure  maximums  on  the  wall  is  ~  n  and  1 ,  The  date  of 
numerical  simulation  shown  on  fig.2-5-4  satisfies  good  dependence  (3). 

The  results  of  numerical  simulation  allow  to  make  the  following  conclusions:  amplitude 
of  the  first  maximum  of  mixture's  full  pressure  on  a  rigid  wall  increases  with  the  growth  of 
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poured  layer  length  and  volume  concentration  of  dispersed  phase;  size  of  particles  does  not 
influence  greatly  an  amplitude  of  the  first  maximum  of  full  pressure  at  the  barrier,  but  at  the 
same  time  influence  much  on  the  character  of  posterior  maximums  damping. 
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GAS-PARTICLE  SUSPENSION  FROM  SHOCK  TUBE  TO  FLOOD  SPACE 
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625000,  Tyumen,  Russia 


Equations  set  of  differential  two-dimensional  axisymmetrical  nonstationary  motion  of  mixture 
of  gas  and  particles  of  the  propellant  suspension  have  following  form  [1]: 
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Here  subscripts  “/*”  indicates  parameters  of  phases:  “/=1”  gaseous  phase,  “/=2”  dispersed 
phase  (particles),  index  k  denotes  parameters  of  gaseous  phase  component:  k=\  -  inert  gas,  k=2  - 
gaseous  product  of  burning. 

Here  and  are  reduced  and  true  densities  of  the  A-th  component  of  gaseous  phase; 

Pi  ,  P? ,  >  ot/ ,  ,  Ei  ~  are  reduced  and  true  densities,  velocity,  volume  concentration,  internal 

and  total  energy  7-th  phase  (/=1;  2)  respectively;  and  -  are  components  of  velocity  vector  v, ; 

n  is  number  concentration  of  dispersed  particles;  d  is  diameter  of  particles;  p  is  pressure  in  gaseous 
phase;  F^.  and  Fy  are  components  of  interphase  interaction  force;  Q  is  heat  flux  between  gaseous 

and  dispersed  phases;  J  mass  transformation  rate;  t|  -  Heavyside's  function. 

Equations  of  phase  state,  heat  and  mass  transformation  are  considered  and  given  in  [1-4]. 


Presentation  of  the  Problem. 


There  is  a  horisontal  shock  tube  with  diameter  D  and  length  L.  The  left  end  of  the  tube  (Z=0) 
is  clouded,  and  the  right  one  {2-L)  is  open.  Inside  the  tube,  at  a  distance  Z=Z*  from  the  clouded  and 
of  the  tube  Z=0  there  is  a  partition,  dividing  chambers  of  high  (0<Z<Z*)  and  low  (Z*<Z<L) 
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pressures.  The  chamber  of  high  pressure  is  filled  by  uniform  gas-particle  suspension  of  the  particles 
of  the  propellant  suspension,  and  the  chamber  of  low  pressure  is  filled  by  inert  gas.  At  the  time 
moment  r=0,  particles  of  the  propellant  suspension  ignate  instantly  in  all  the  area  of  the  chamber  of 

high  pressure.  At  the  time  moment  t  =  t*  pressure  there  reaches  its  critical  point  P=P*  at  which  the 
partition  is  burst.  The  object  of  the  research  is  to  study  the  process  of  flow  of  burning  gas-particle 
suspension  from  shock  tube  to  flood  space.  Schematical  presentation  of  the  problem  is  on 
fig.l. 


fr(m) 


j. - JI--X 

r  T 


Fig.1 

Initial  conditions  of  the  problem  have  the  following  form:  in  the  chamber  of  high  pressure: 
P  =  Pq,  Ti  =  T  =  V|=V2=0,ai  =  aio ,  d  =  dQ;  in  the  chamber  of  low  pressure  and  in 

flood  space: =  Pq  »  ^=^o»  =0,a|  =  1. 


Boundary  conditions  are  taken  as:  on  the  axis 


dv  ■ 

of  symmetry  (r=0): 

or 


v„.  =:0,(/=l,2  );  on 


the  lateral  wall  of  the  tube  (r  =  0.5</,  O^Z^L  ):  Vri=0;  on  the  clouded  part  of  the  tube 
(  0  <  r  <  0.5d ,  Z=0):  Vi/=0. 


The  equations  of  motion  of  gas-particle  suspension  were  solved  by  ”coarse-particle”  method 
on  the  grid  consisted  of  52x102  cells.  Time  for  calculation  of  one  variant  on  IBM  PC  AT  486  is 
about  1-2  hours.  The  calculations  were  made  for  the  mixture  of  air  and  particles  of  propellant  [1;2]. 


The  results  of  the  calculations. 


How  of  burning  gas-particle  suspension  from  the  shock  tube  to  flood  space  is  a  difficult 
nonstationary  ware  process,  which  can  be  divided  into  two  phases. 

To  describe  the  first  phase,  it  is  convenient  to  apply  to  ”z  -  f  ’  -  wave  diagram,  corresponded  to 
the  scheme  of  gas  particle  suspension  as  ’’effective  gas”  shown  on  fig  .1.  At  initial  moment  (^=0) 
particle  of  propellant  suspension  ignate.  As  a  result  of  isolation,  of  energy,  and  gaseous  products,  the 
temperature,  density  and  gas  pressure  increase  equally.  At  the  time  moment  r*=0,4ms  the  pressure  in 
the  chamber  of  high  pressure  reaches  its  critical  point  P*  ^lOPo,  at  which  the  partition  is  burst  (fig.2, 
aren  ”0”).  At  the  pace  of  the  partition,  on  the  boarderline  letween”  compressed  burning  gas-particle 
suspension-inert  gas”.  An  unstable  gas-dynamics  break  appeared,  which  later  disintegrate,  as  a  result 
a  shock  wake  S  is  spread  inside  the  chamber  of  low  pressure  and  a  centre  wake  of  rarefaction  P  is 
spread  in  the  chamber  of  high  pressure.  The  surface  C  (dash-dot  line,  fig.2)  divides  the  gas-particle 
suspension  and  gas.  In  the  area  close  to  the  wall  “I”  (fig.2.)  both  phases  are  at  rest,  and  the 
temperature,  gas  density  and  pressure  continue  increasing  equally,  exceeded  the  points  they  were  at 
the  burst  of  the  partition. 
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Ri 


Fig.2 

Yradually,  the  centre  wave  R  of  rarefaction  reaches  the  particle  cloud  of  the  shock  tube  where 
it’s  reflected  as  a  wake  of  rarefaction  Ri.  Behind  these  wakes  the  pressure,  density  and  temperature 
decrease  gradually.  In  the  wake  R  the  gas  accelerates  .involving  the  dispersed  phase.  Behind  Ri  gas- 
particle  suspension  applies  the  brake.  In  the  wake  S  all  gas  parameters  as  well  as  its  velocity  increase. 
In  the  ”n”  (fig.2),  inaccessible  for  the  wakes  R  and  Ri  the  pressure  increases  by  the  processes  of 
burning,  and  wakes  of  compression  are  formed  that  go  to  the  shock  wake  5,  increasing  it  and  giving 
an  additional  dispersal  to  gas.  In  the  area  ”11”  from  the  surface  C  wakes  of  rarefaction  gas, 
promoting  gradual  change  of  pressure  between  ’’IT’  and  ”in”,  and  accelerating  the  gas-particle 
suspension. 

The  second  phase  of  flow  begins  when  the  wave  S  reaches  flood  space,  schematic  presentation 
of  flow  of  the  wake  is  shown  in  the  upper  part  of  fig.  3  with  the  help  of  contour  lines  correspond  to  a 
time  moment  /=2,lms.  In  the  bottom  of  fig.3  with  the  help  of  a  long  line,  a  part  of  the  shock  wave  S 
(DEF)  is  shown:  DE  -  disturbed,  EF  -  undisturbed.  The  bound  of  condensation  >40  is  reflected  on 
the  axis  of  symmetry  with  forming  Mach’s  configuration.  It  should  be  mentioned  that  this  fonrang 
happens  in  places  where  particles  of  powder  are  found.  Behind  Mach’s  disc  ,(p>0),  this  means 
the  appearance  of  additional  waves  of  compression,  which  move  reflected  bound  OB.  As  a  result 
along  the  current  (II)  gas  accelerates  in  the  centre  wave  of  rarefaction  (vi>a),  goes  through  the 
bound  AOy  where  his  velocity  decreased(V;.i).  The  current  (II)  turns  to  be  parallel  to  the  axis  Z.  Then 
the  gas,  passing  OB  loses  its  velocity  v^/  and  the  current  bends  fi’om  the  axis  Z.  The  velocity  of  the 
gas  at  this  point  became  less  than  sound  velocity  (vi<a).Along  the  current  (I)  supersonic  stream 
(Vz/>af).(enlarges  in  Prandtl-Maier’s  wake  and  accelerates  to  the  axis  Z,  after  that  it  loses  its  velocity 
in  Mach’s  disk  (v2/<a).  The  motion  of  the  particles  happens  in  the  condition  of  gradual  change  of 
their  velocity. 
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Fig.3 


The  dispersed  particles  acquire  velocity  which  is  less  than  in  the  gaseous  phase.  Thus,  two- 
phase  stream  inside  the  gas  stream  is  formed. 

Behind  Mach’s  disc  the  velocity  of  the  phase  decreased  and  the  velocity  of  their  inertness. 
Changes  gradually  because  of  their  inertness.  As  a  result  ,  behind  Mach’s  disc  the  particles  pass 
ahead  of  gas.  Before  the  dispensed  ring  gas  accelerates  back  strata  of  the  gas-particle  suspension, 
behind  it  decelerates  the  suspension,  which  leads  to  the  raising  of  the  dispersed  ring  behind  Mach’s 
disc  and  the  concentration  of  the  particles  is  in  the  fore  -  part  of  the  ring  (fig.4)  where  dispersed 
particles  contour  lines  correspond  to  the  time  moment  t=3. 1  ms. 

It  should  be  mentioned  that  the  particle  foil  to  overtake  the  shock  ware  S.  At  the  time  moment 
^=1,6  ms  (fig.  5a)  the  velocity  of  the  particles  are  more  than  sound  velocity.  At  the  time  moment 
/=2.7  ms  velocity  of  particle’s  front  down  letter  of  sound’s  velocity.  As  a  result  the  waves  of 
compression  come  up  with  the  wave  S  whose  velocity  is  more  than  the  sound  velocity.  Later  the  ring 
IS  divided  into  two  parts:  one  continue  to  flow  from  the  shock  tube  ,the  other  moves  away  along  the 
axis  Z  (5). 

Summary 


Owing  to  the  results  of  numerical  investigation  the  following  conclusion  can  drawn.  The 
dispersal  of  the  particles  is  a  difficult  wave  process.  Processes  of  burning  promote  the  reinforcement 
of  the  shock  wave.  The  flow  of  this  wake  to  flood  space  is  accompanied  by  the  appearance  of 
Mach’s  configuration  in  such  a  way  that  it  doesn’t  let  barrel  Mach  appear.  The  motion  of  the 
dispersed  particles  happen  inside  the  supersonic  gas  stream  before  Mach’s  disk  and  only  after  it  they 
move  away  from  the  axis  of  symmetry  that  leads  to  appearance  of  the  dispersed  ring  which  bums 
down  later. 
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A  STUDY  OF  MIXING  PROCESSES 
OF  A  SUPERSONIC  FLOW  IN  A  RECTANGULAR  CHANNEL 

A.V,  LokotkO)  A.M.  Kharitonov,  and  A.V.  Tchernyshyev 

histitute  of  Theoretical  atid  Applied  Mechanics  SB  RAS, 

630090  Novosibirsk,  Russia 


INTRODUCTION 

One  of  the  important  problems  arising  in  the  development  of  scramjets  for  aerospace  plane 
with  horizontal  take-off  and  landing  is  the  study  of  the  mixing  processes  of  supersonic  flows 
for  the  purpose  of  obtaining  the  maximum  increase  in  mixing  intensity  in  order  to  organize 
combustion  within  a  limited  length  with  the  minimum  momentum  loss.  The  mixing  of  super¬ 
sonic  turbulent  jets  in  the  channel  under  the  conditions  of  strong  nonuniformity  of  the  fields  of 
gas  dynamic  parameters  behind  the  inlet  is  a  very  complicated  problem  for  numerical  simula¬ 
tion.  The  difficulties  are  also  aggravated  by  the  desire  to  obtain  the  maximum  splitting  of  in¬ 
jected  substance.  The  development  of  these  numerical  techniques  is  also  limited  by  the  absence 
of  reliable  experimental  data  that  satisfy  the  requirements  of  verification  of  numerical  models. 

The  results  of  an  experimental  study  of  the  mixing  process  of  supersonic  jets  and  a  cocur¬ 
rent  flow  are  presented  in  this  paper.  The  jets  with  various  degree  of  dispersion  are  injected 
into  a  rectangular  channel  modeling  one  of  the  versions  of  real  propulsion. 

EXPERIMENTAL  CONDITIONS.  MODEL. 

The  experiments  were  carried  out  in  the  supersonic  wind  tunnel  T-313  with  a  closed 
0.6x0.6  m  test  section  based  at  ITAM  SB  RAS.  Experimental  conditions  were  as  follows: 
Mach  number  M  =  4.03,  Reynolds  number  Re  =  55-10^  m  \  stagnation  temperature  286  K. 

A  sketch  of  the  model  with  geometric  characteristics  of  its  basic  elements  is  shown  in  Fig. 

I  The  model  inlet  has  a  flat  lower  compression  surface  /  with  a  6®  wedge,  the  upper  cowl  2, 
side  walls  3,  and  pylon  4  with  a  40°  sweep  angle  of  the  leading  edge  and  10®  plan  apex  angle, 
which  is  mounted  at  the  longitudinal  axis  of  symmetry.  The  wedge  surfaces  of  the  pylon  are 
also  compression  surfaces;  thus,  the  construction  as  a  whole  is  a  three-dimensional  inlet.  In  the 
base  part  of.the  pylon,  there  is  a  rake  of  conical  supersonic  nozzles,  the  high-pressure  gas  be¬ 
ing  injected  from  them.  Two  types  of  pylons  were  used  in  experiments.  The  characteristics  of 
the  two  pylons  and  the  relative  inlet  throat  area  determined  by  pylon  geometry  are  listed  be¬ 
low. 

_  Table  1 


Piini  meter 

Pylon  1 

P>'Ion  2 

Number  of  nozzles 

12 

6 

Throat  diameter,  mm 

6 

8 

Nozzle  exit  diameter,  mm 

12 

16 

E.xhaust  Mach  number 

2.94 

2.94 

Total  throat  area,  mm- 

339.3 

301.6 

Relative  inlet  throat  area 

0.488 

0.537 

Pylon  1  has  a  symmetric  nozzle  disposition  and  shallow  turbulizing  grooves  between  the 
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Fig.  1  Sketch  of  the  model 

nozzles  at  the  side  surface.  Pylon  2  differs  from  it  by  an  asymmetric  nozzle  arrangement  and 
deep  notches  between  the  nozzles  which  introduce  appreciable  disturbances  to  the  flow  at  the 
mixing  chamber  (MC)  entranpe. 

The  mixing  chamber  is  a  channel  with  a  75x105  mm  cross-section  and 
420  mm  length.  At  the  top  and  bottom  of  the  MC  entrance  there  is  a  system  of  3D  oblique 
steps  with  a  sweep  angle  of  70°  connected  with  each  other  by  straight  steps. 

For  jet  identification,  a  hot  gas  (473  -  483  K),  the  products  of  hydrogen  combustion  in  the 
air)  is  supplied  to  the  pylon  nozzles.  The  source  of  gas  is  the  gas  generator  6  (Fig.  1)  which  is 
a  high-pressure  combustion  chamber.  To  ensure  a  sufficient  stability  of  the  measurement  means 
for  flow  probing  in  the  model,  the  above  mentioned  comparatively  low  temperature  was  sus¬ 
tained  at  the  gas  generator  exit.  The  gas  generator  operation  regime,  therefore,  corresponded 
to  a  poor  region,  i.e.,  the  air-to-fuel  ratio  was  much  higher  than  unity  (about  10).  The  hydro¬ 
gen  flow  rate  was  kept  at  a  level  of  1 .4  g/s,  the  air  flow  rate  was  0.47  kg/s,  the  pressure  in  the 
gas  generator  was  about  1.8  MPa,  which  provided  the  following  values  of  the  flow  parame¬ 
ters:  ejection  factor  n  =  C/jn/C..,  =  3.71  (Gj^  and  Ggg  are  the  flow  rates  in  the  inlet  (low-pressure 
flow)  and  gas  generator  nozzles  (high-pressure  flow)).  The  nozzle  pressure  ratio  was  varied 
from  1  to  4.5  (for  upper  and  lower  nozzles,  respectively),  which,  in  turn,  was  determined  by 
the  pressure  variation  over  the  channel  height  in  the  inlet  throat  cross-section  coinciding  with 
the  nozzle  exit  cross-sections, 

In  the  course  of  experiments,  we  measured  the  fields  of  total  pressures  (behind  the 
norma!  shock),  static  pressures  p,  and  stagnation  temperatures  Tq  in  three  measurement  cross- 
sections  (1~II1)  along  the  channel.  The  cross-section  coordinates  are  shown  in  Fig,  1.  The  pres¬ 
sure  A.  and  temperature  rakes  consisted  of  ten  probes  with  a  step  of  7  mm,  the  pressure  p  rake 
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had  six  probes  located  with  a  step  of  12.6  mm.  The  temperature  probes  were  screened  ther¬ 
mocouple  junctions  with  lateral  orifices.  The  inner  diameter  of  the  screen-pipe  was  3  mm,  the 
diameter  of  two  lateral  orifices  of  the  channel  was  1  mm.  Thermocouples  of  the  chromel- 
alumel  group  were  used.  The  temperature  of  hot  gases  in  the  pipeline,  called  conventionally  the 
“temperature  at  the  control  point”  7k  (see  Fig.  1),  was  taken  as  the  initial  temperature,  the  cur¬ 
rent  temperature  distribution  in  the  flow  being  compared  with  it. 

All  three  rakes  were  fixed  in  one  traverse  gear  7  that  ensured  the  motion  accuracy  of  0. 1 
mm  along  the  OK  axis  at  a  distance  of  105  mm. 

Each  type  of  measurements  corresponding  to  the 
type  of  its  rake  was  performed  in  a  separate  test. 

The  pressure  was  measured  using  the  MID- 
100  system  with  scannivalves  designed  for  the  />;, 
range  of  0-0.6  MPa  and  p  range  of  0-0.2  MPa. 

The  instrument  accuracy  of  the  system  was  0.3 
%.  A  digital  voltmeter  was  used  as  the  primary 
analog-to-digital  converter  in  temperature  measurements. 

The  flow  parameters  in  each  cross-section  were  calculated  using  the  results  measured  at 
160  points.  The  static  pressure  at  points  corresponding  to  positions  of  total  pressure  probes, 
which  do  not  coincide  with  the  coordinates  of  static  pressure  probes,  was  calculated  using  the 
measured  results  and  Lagrange  interpolation  formula. 

The  integral  parameters  in  three  cross-sections  were  calculated  from  the  conditions  of 
mass  flow  and  momentum  conservation  in  the  mean  and  initial  non-uniform  flows. 

A  comparison  of  integral  parameters  in  three  cross-sections  made  it  possible  to  evaluate 
the  changes  in  the  mixing  degree  for  two  pylon  configurations.  Regularities  of  propagation  of 
high-pressure  jets  were  revealed.  The  specific  momentum  loss  and  the  changes  in  turbulent 
Prandtl  numbers  along  the  channel  were  estimated. 

VALIDATION  OF  MEASUREMENT  RESULTS 

The  validity  of  measurement  results  is  determined  by  the  equality  of  the  measured  mass 
flow  rates  in  three  cross-sections  along  the  channel,  balance  of  momentum  measured  in  the 
mixing  chamber  cross-sections  and  calculated  on  the  basis  of  parameters  of  the  high-pressure 
and  low-pressure  flows  entering  the  mixing  chamber,  and  constancy  excess  heat  content.  The 
flow  rate  G,  momentum  /,  and  temperature  Ti  obtained  on  the  basis  of  measurements  for  pylon 
2  are  listed  in  Table  2. 

It  is  seen  that  the  maximum  flow  rate  deviation  5  (®^b)  from  the  mean  value  (2.204  kg/s)  is 
0.91  %.  The  flow  rates  are  absolute  quantities  measured  in  different  tests,  and  they  indirectly 
characterize  the  reproducibility  of  parameters  both  in  the  settling  chamber  of  the  wind  tunnel 
and  in  the  gas  generator. 

The  total  momentum  is  /  =  /}„  +  /gg=  1603.2  N.  Taking  into  account  that  the  total  momen¬ 
tum  loss  in  the  inlet  and  in  turbulizing  grooves,  by  the  base  pressure  of  stabilizing  steps  and 
friction  losses  in  the  channel,  this  value  is  fairly  close  to  that  measured  in  cross-section  1. 

Under  the  conditions  of  weak  heating,  the  excess  heat  content  is  equivalent  to  a  constant 
mean  temperature  which  was  determined  by  averaging  with  respect  to  flow  rate.  The  flow 
temperature  value  of  332.8  K  in  the  mixing  channel  was  calculated  on  the  basis  of  tempera¬ 
tures  at  the  inlet  entrance  and  behind  the  gas  generator  nozzles,  taking  into  account  the  corre¬ 
sponding  fractions  of  gas  flow  rate  and  percentage  of  water  vapor  from  hydrogen  combustion. 


Table  2 


Cross- 

section 

G,kg/s(^%) 

/.  N 

T’o.K 

I 

2.201  (0.14) 

1569.0 

334.8 

II 

2.186  (0.82) 

1531,7 

338.4 

III 

2.224  (0.91) 

1524.9 

337.3 
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a)  Pylon  1 


b)  Pylon  2 


Fig.  2 

Thus,  the  data  obtained  demonstrate  an  acceptable  credibility  of  these  measurements. 

EXPERIMENTAL  RESULTS 

Figure  2a,  b  shows  the  fields  of  relative  excess  temperatures  0  = 

~  {T^-  7;.)/(ros  -  Tc)  where  '/’  and  To*  are  the  temperatures  at  the  ixh  measurement  point  and 
in  the  settling  chamber,  respectively.  The  black  dots  indicate  the  zones  of  the  maximum  rela¬ 
tive  excess  temperatures  and  their  numerical  values.  Obviously,  the  temperature  maxima  in  the 
cross-sections  are  associated  with  jet  axes. 

The  narrowest  heating  zone  is  observed  in  cross-section  I  (xfh=\),  it  has  clear  vertical 
boundaries  that  roughly  cover  a  half  of  the  channel  width  (h  is  the  throat  height).  The  highest 
values  of  0  are  also  observed  here,  0.8  -  1.  In  cross-section  II  {xfh=3A)  the  heating  ex¬ 
tends  to  the  entire  channel  width  with  decreasing  0.  A  specific  feature  inherent  here  is  almost 
complete  merging  of  all  jets  for  pylon  1  and  jets2  and  3  for  pylon  2  (the  nozzle  notation  is  pre¬ 
sented  below  in  Fig.  3).  In  cross-section  III  (xlh=5.7)  the  positions  of  the  axes  of  most  jets 
becomes  clear  again. 


141 


The  data  on  0  distribution  make 
it  possible  to  construct  three- 
dimensional  jet  trajectories  in  the 
channel.  They  are  shown  in  Fig.  3,  a, 
b  in  projections  onto  the  vertical  and 
horizontal  planes.  The  nozzle  posi¬ 
tions  are  also  marked  here.  The  main 
structural  feature  for  pylon  1  is  almost 
complete  merging  of  jets  in  the  verti¬ 
cal  plane  of  symmetry  in  cross-section 
II  with  comparatively  high  values  of  9.  Noticeable  dispersion  of  jet  axes  is  observed  in  the  exit 
cross-section,  which  is,  however,  considerably  lower  than  for  pylon  2.  Hence,  the  jet  merging 
shifts  the  effective  beginning  of  mixing  for  pylon  1  almost  to  a  half  of  the  channel  length.  The 
process  of  jet  merging  was  registered 
tain  merged  jet  conglomerate  which 
resembled  a  tree,  The  jet  trajectories 
from  pylon  2  are  located  more  uni¬ 
formly  along  the  channel. 

Using  the  known  analogies  of 
similarity  theory  [2,  3]  and  repre¬ 
senting  the  jets  as  separate  structures 
(moles)  propagating  in  a  cocurrent, 
rather  nonuniform  flow,  we  estimate 
the  comparative  degree  of  momen¬ 
tum  (based  on  velocity)  and  heat 
equalization,  i.e.,  calculate  a  certain  analog  of  the  turbulent  Prandtl  number  Pr,.  The  Prandtl 
model  for  the  mixing  path  length  based  on  velocity  (/„)  and  temperature  (/,)  is  used,  and  the 
analog  of  pressure  gradient  in  the  shear  layer  is  assumed  to  be  the  root-mean-square  deviation 
of  the  corresponding  parameter;  ax  for  velocity  coefficient  and  for  temperature.  The  maxi¬ 
mum  difference  of  these  parameters  was  taken  from  the  distribution  of  isotherms  (Fig.  2,  a,  b) 
smoothed  by  cubic  splines. 

Then 

in  ~  I  CTl  I  ,  A  “  I  AToinax  /  I  i  ^  —  /y  /[ 

The  values  of  quantities  that  characterize  the  transfer  processes  are  listed  in  Table  3. 

The  obtained  values  of  Pi'i  fluctuate 
approximate!)’  around  0.5,  which  corre¬ 
sponds  to  the  known  data  for  free  turbu¬ 
lence  |2.  4|.  Meanwhile,  the  Prantdl  number 
Pr,  for  pv'lon  1  decreases  along  the  channel 
appreciably  faster  than  for  pylon  2.  This  is 
mainly  due  to  relativel)  larger  values  of  the 
temperature-based  mixing  length.  namel\, 
due  to  higher  zlTomax.  which  testifies  to  a 
larger  nonuniformity  of  the  temperature 
field,  i.e.,  a  worse  quality  of  mixing  for 
pylon  1. 


Table  3 


Pylon  1 

Pylon  2 

Parameter 

Cross-sections 

Cross-sections 

I  II  III 

I  II  11 

(Jx 

0,379 

0,393 

1,183 

0,586 

0,795 

0,465 

lu 

3,121 

1,790 

2,023 

2,153 

1,924 

O-ro 

41.84 

28,49 

BH 

188,8 

194,1 

153,7 

186,9 

151,2 

113,4 

_ Lm 

4,29 

6,31 

2.95 

3,61 

3,98 

Pr. 

0,73 

0,33 

previously  in  [1],  where  the  laser  sheet  revealed  a  cer- 


Fig.  3a 
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The  changes  in  specific  momentum  I  [m/s]=//G  between  cross-sections  I  and  III  for  the 
both  pylons  are  presented  in  Table  4 

It  is  seen  that  the  loss  in  I  along  the  mixing 
tract  for  pylon  1  is  larger  than  for  pylon  2  by  a 
factor  of  1.64.  This  agrees  with  the  previous  data 
for  the  same  model,  which  were  observed  in  ex¬ 
periments  with  injection  of  cold  jets  with  a  differ¬ 
ent  ejection  factor  [1]. 

The  results  obtained  show  that  an  increase  of  the  number  of  cocurrent  jets  injected  into  a 
supersonic  flow  does  not  always  ensure  a  more  effective  mixing.  The  level  of  dispersion  of 
supersonic  jets  during  their  mixing  in  particular  conditions  should  be  the  subject  of  subsequent 
special  research. 

The  authors  are  thankful  to  A.S.Rudakov  and  L.V.Gogish  for  initiation  of  the  present 
work. 


Table  4 


Cross-section 

WEmm 

Pylon  2 

I 

712,85 

III 

ll|||||^^^Q^[|||||[ 

685,65 

Momentum 
loss  5% 

6,27 

3,82 
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ON  THE  POSSroiLITY  OF  APPLICATION  OF  THE  FOCAL  SPOT 
OPTICAL  METHOD  FOR  THE  INVESTIGATION  OF  TURBULENT 
CHARACTERISTICS  OF  SUPERSONIC  FLOWS 

V.M.Markov  and  V.  A  Lebiga 

Institute  of  Theoretical  and  Applied  Mechanics,  630090  Novosibirsk,  Russia 

Traditionally,  hot-wire  anemometry  is  the  most  widespread  tool  for  turbulence  studies. 
The  basic  principles  of  the  pulsational  hot-wire  measurements  have  been  developed  in  [1-3]. 
From  these  measurements,  for  the  main  part,  information  as  to  the  intensity  and  spectral 
characteristics  of  pulsations  can  be  obtained.  To  determine  the  characteristic  scales  of 
turbulence,  one  has  to  measure  the  correlation  fimction,  i.e.,  in  this  case  two  hot-wire  probes 
are  to  be  used  in  order  to  perform  simultaneous  measurements  at  two  different  points,  and  for 
data  to  be  obtained  at  large  numbers  of  points,  the  experiment  becomes  too  labour-consuming. 

The  most  comprehensive  analysis  of  the  pulsational  processes  occurring  in  a  flow  can 
be  performed  on  fiilly  automated  and  computerized  setups.  However,  some  additional 
assumptions  should  be  made  in  this  case  as  well,  since  the  hot-wire  probe  registers 
simultaneously  pulsating  velocity,  temperature,  and  density,  and  in  case  of  gas  mixture  the 
resulting  signal  depends  also  on  the  concentrations  of  the  constituing  components.  Besides, 
the  wide  frequency  range  of  the  pulsations  of  interest  (up  to  several  hundreds  of  kHz)  requires 
complex  software  facilities  to  be  implemented  to  process  the  signal  in  real  time,  and  high- 
power  computers  to  be  employed. 

However,  in  many  cases  full  information  as  to  the  structure  and  frequency  spectrum  of 
pulsations  is  not  required.  To  solve  many  physical  problems,  one  has  to  possess  information 
only  about  some  definite  or  mean  flow  parameters.  For  example,  information  on  pressure 
pulsations  can  be  obtained  using  different  types  of  microphones,  while  the  Schlieren  method 
coupled  with  light  sources  operating  in  pulsed  modes  is  capable  of  providing  qualitative  (and 
sometimes  even  quantitative)  data  on  the  turbulence  scales  provided  that  the  pulsations  dealt 
with  are  sufficiently  uniform. 

Applying  various  optica!  methods  seems  to  be  most  profitable  and  justified  when  one 
investigates  average  characteristics,  since  in  this  case  averaging  along  the  light  beam  occurs 
automatically.  In  addition  to  the  simple  Schlieren  technique,  more  evolved  methods  are  being 
used,  first  of  all,  interferometry.  However,  in  this  case,  to  study  characteristics  of  a  turbulent 
stream,  one  has  to  register  instantaneous  interferograms,  but  in  order  to  obtain  a  representative 
amount  of  data,  a  large  number  (tens)  of  interferograms  [4]  should  be  recorded,  i.e.,  here 
again  a  great  body  of  information  is  to  be  processed. 

In  aero-optical  studies  [5],  to  obtain  information  as  to  the  wave  fronts  of  a  light  beam 
having  passed  through  a  turbulent  medium,  some  new  approaches  have  been  developed.  The 
Small  Aperture-Beam  Technique  was  put  forward  [6],  where  instantaneous  deflections  of  a 
narrow  laser  beam  were  registered,  which  resolved  the  turbulent  structure  of  the  layer  under 
examination.  Using  the  Fourier  transform,  one  can  reconstruct  the  position  of  the  wave  front 
in  time,  which  is  determined  naturally  by  turbulent  characteristics  of  the  flow.  To  more 
exactly  and  adequately  describe  the  shape  of  the  wave  front,  it  is  required  to  simultaneously 
employ  a  great  number  of  beams  [7], 

To  measure  average  characteristics,  the  Focal-Spot  Method  (FSM)  is  widely  used  in 
aero-optics,  the  corresponding  procedure  being  sometimes  called  either  the  Far-Field  Power- 
in-Bucket  Measurements  [8],  or  -  in  fact,  the  same  procedure  -  the  Line-Spread 
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Instrumentation  [9].  In  the  latter  case,  variations  in  the  intensity  of  a  laser-emitted  light  beam 
having  passed  through  a  turbulent  layer  of  interest  are  being  registered  at  the  central  spot  of 
the  fiir  zone.  These  variations  are  determined  by  averaged  (both  along  beam  and  in  time) 
turbulence  characteristics  of  the  flow. 

In  optics,  where  the  case  of  the  Fraunhofer  diffraction  is  being  commonly  considered, 
distributions  of  the  radiation  intensity  in  the  far  zone  I(x,y)  are  represented  through  the  Fourier 
transform  of  the  transfer  function  r  being  in  the  general  case  the  product  of  tp  and  Tt  ,  which 
are  determined  by  aberrations  on  regular  and  random  flow  inhomogeneities,  respectively.  In  a 
number  of  aero-optical  problems,  it  is  required  to  obtain  a  plane  wave  front.  The  general  slope 
of  the  front  is  determined  by  Tp,  and  it  can  be  improved  in  principle  by  using  adaptive  optics 
methods.  The  effect  due  to  turbulence  resulting  in  a  distortion  of  wave  front,  however,  is  hard 
to  improve,  since  the  pulsational  frequencies  turn  out  to  be  too  high.  Therefore,  it  is  the  study 
of  Tr  which  presents  the  problem  of  primary  interest. 

In  [H],  an  analytical  expression  for  vr  has  been  obtained  for  the  diffraction  light 
scattering  on  a  uniformly  isotropic  turbulent  laser-active  layer  of  a  thickness  L.  Under  some 
assumptions  having  been  made,  it  has  been  found  [12]  that  the  r,m.s.  phase  error  accumulated 
on  the  optical  path  and  characterizing  the  curving  of  the  plane  front  of  the  wave  having  passed 
through  the  layer  L  is  determined  by  the  following  expression: 


^  <  P  >  Pitf 


(1) 


here  A  is  the  turbulent  scale,  p'  is  the  density  pulsations,  /w  is  a  constant  entering  the 
Gladston-Dale  formula,  and  o  denotes  averaging  over  time). 

According  to  the  Strehl  relationship  [13],  the  value  <A^>  determines  the  decrease  in 
the  radiation  intensity  at  the  central  spot  of  the  far  zone  A>(/o-/)  relative  to  the  lo  value 
obtainable  in  case  of  diffraction  divergence  of  beam:  AZ^o-<A(p^>.  In  the  case  when  the 
regular  flow  structure  is  resolved  by  the  FSM,  the  relationship  (1)  can  be  used  in  principle  for 
interpreting  the  data  obtained. 

To  resolve  the  flow  structure,  in  the  paper  the  use  of  the  small-aperture  version  of  the 
FSM  was  proposed.  In  contrast  to  the  commonly  employed  wide-aperture  variant,  where  the 
whole  region  under  study  is  probed  and  r  contains  both  regular  and  random  components, 
here  the  regular  (shock-wave)  structure  of  the  flow  is  assumed  to  be  resolvable,  the  turbulent 
structure  of  flow  being  averaged  over  the  the  diameter  of  the  probing  beam  (i.e.,  the  diameter 
of  the  probing  beam  is  to  be  chosen  with  taking  into  account  particular  features  of  the  flow 
under  study).  In  its  "ideology”,  the  advanced  method  seems  to  be  an  intermediate  one  between 
the  SABT  and  the 
wide  aperture  FSM 
(the  method  is  dis¬ 
cussed  in  detail  [14]). 

The  method  was  ap¬ 
probated  on  a  suffici¬ 
ently  complex  object. 

Supersonic  flows 
behind  multy-nozzle 
banks  (MNBs)  used 
in  gas  dynamic 
lasers,  were  con¬ 
sidered,  (Fig.l). 
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Both  plane  constructions  and  the  so-called  screen  nozzle  banks  (SNBs),  consisting  of  a 
large  number  of  axisymmetric  conical  or  contoured  micronozzles  were  used.  Since  the  MNBs 
had  base  areas,  the  flow  contained  a  regular  structure,  which  included  compression  shock 
waves,  rarefaction  waves  and  turbulent  wakes. 

Photographs  of  the  flow  pattern  behind  the  both  types  of  MNBs  are  presented  in  Fig.  2 
(in  Fig.  2a,  the  blade  ends  of  the  plane  bank  are  seen;  the  outlet  Mach  number  of  each  of  the 
micronozzles  equalled  5  for  both  types  of  MNBs). 


The  flow  geometry  behind  the  plane  banks  allowed  detailed  data  on  averaged  stream 
parameters  (with  the  help  of  static-  and  Pitot  pressure  probes)  to  be  extracted  together  with 
information  on  the  evolution  of  the  intensity  of  the  regular  shock-wave  structure  downstream 
of  nozzles,  on  the  p  distribution  and  on  the  distribution  of  velocity  in  the  wakes,  as  well  as  to 
determine  wake  thicknesses.  It  has  been  shown  that  the  fall  in  p  in  the  expantion  wave 
restores  practically  up  to  the  initial  level  of  p  in  the  stream  core  (between  neighbouring 
blades)  inside  the  final  compression  shock.  Therefore,  when  calculating  optical  paths,  one  has 
to  take  account  of  the  presence  of  the  both  disturbing  factors  (in  [15],  density  variations  were 
associated  merely  with  the  presence  of  compression  shocks). 

The  intensity  of  disturbances,  being  determined  by  the  shock-wave  structure,  decays 
downstream  rather  rapidly,  over  a  distance  of  7-8  H,  where  H  is  the  separation  between 
neighbouring  blades.  Figure  3  presents  the  corresponding  results  for  blades  of  different 
trailing  edge  thicknesses  i  and  for  different  trailing  edge  angles  a.  The  increase  in  the  mean 
density  observed  downstream  is  mainly  due  to  growing  thickness  of  the  boundary  layer  at 
channel  walls. 


In  spite  of  the  influence  the 
shock  and  expantion  waves  on  the 
wake  (these  two  factors  having 
opposite  signes  and  close  intensities 
may  be  said  to  compensate  each 
other),  the  wakes  behind  blades  in 
the  region  where  they  have  not  yet 
interacted  with  each  other  exhibit 
the  classical  behaviour.  The 
distribution  of  parameters  across  the 
wake  remains  self-similar.  The 
velocity  distributions  measured  in 


different  cross-sections  along  the 


Fig.  3 
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wake  length  and  expressed  in  terms  of  the  far-wake  variables  are  presented  in  Fig  4  which 
shows  that  the  self-similarity  retains  and  the  wake  thickness  is  proportional  to  Vx  . 


-2-10  1  y/b 


Fig.  4 

Pulsational  characteristics  of  plane  wakes  were  studied  in  [15],  where  it  was  shown  that 
<p'>/p^r\st  and  A'^b{x)  in  the  turbulent  region  of  wake.  Substitution  of  the  above 

characteristics  of  free  wakes  into  Eq.  (1) 
shows  that  the  asymptotic  behaviour  of 
Mix)  is  determined  by  the  expression 
M{x)'-xp^.  It  was  just  this  dependence 
which  was  obtained  experimentally 
(Fig.  5):  a  linear  dependence  on  x  over 
the  starting  section  of  flow  and  a 
quadratic  one  on  p  father  on.  However, 
the  wakes,  expanding  and  filling  the 
whole  flow  field  farther  downstream, 
start  interacting  with  one  another  at  a 
distance  12-13 /f.  As  a  result  of  this 
interaction,  the  large-scale  turbulence  developing  in  the  free  wakes  (see  Fig.  2)  gets 
disintegrated  here  and  turns  into  a  small-scale  one  (Fig.  6),  the  stream  under  study  becoming 
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homogeneous  from  the  optical  point  of  view.  Therefore,  at  x  >  12  ^  the  scattered  portion  of 
radiation  Af  diminishes  in  accordance  with  decreasing  A,  The  fact  that  A/  at  jc  >  160  mm 
remains  a  constant  quantity  provides  an  indication  that  both  A  and  Apip  stop  changing  here. 

However,  the  supersonic  wakes  are  known  to  retain  in  the  flow  for  a  long  time. 
Measurements  employing  probes  and  flow  visualization  technique  (Schlieren  photographs 
taken  with  horizontal  knife  are  shown  in  Fig.6)  are  indicative  of  the  latter.  But  due  to  the 
interaction,  the  behaviour  of  the  developing  wakes  changes;  the  wakes  transform  into  parallel 
layers,  the  averaged  structure  of  the  flow  as  a  whole  becoming  layered.  Upon  probing  across 
the  parallel  inhomogeneities,  no  phase  shift  A^  (across  this  regular  structure)  over  the  beam 
aperture  takes  place,  of  course,  i.e.  Tp=\.  The  shocks  generated  by  blade  ends  does  not 
contribute  to  Aq>  over  the  starting  section  as  well,  since  they  also  cross  the  whole  beam 
{q)erture.  A  large  phase  shift  is  caused  by  the  regular  structure  formed  by  the  shocks 
propagating  from  the  throat  of  each  individud  nozzle  (these  shocks  are  not  seen  in  Fig.  2:  they 
are  registered  when  viewed  from  the  perpendicular  direction;  for  more  detail  about  these 
shocks  see  [17]),  since  the  plane  of  such  shocks  stretches  along  the  probing  beam.  However,  it 
is  this  structure  which  has  been  resolved  by  the  FSM  in  its  small-aperture  version,  i.e.,  in  our 
case  fp  =1,  the  latter  making  sense  of  using  the  small-aperture  variant. 

The  mechanism  of  the  formation  of  the  layered  structure  of  flow  considered  in  detail  for 
the  plane  case  has  allowed  us  to  explain  the  flow  pattern  for  screen  nozzle  banks  as  well 
(Fig.  7).  The  shock-wave  structure  is  seen  to  rapidly  decay  in  this  case  as  well  at  distances 
jF=  x/£/~  10  calibers  from  the  bank  exit  {d  is  the  outlet  diameter  of  an  individual  micronozzle). 


Fig.  7 

The  downstream  flow  considered  from  the  viewpoint  of  regular  density 
inhomogeneities  is  determined  by  the  parallel  wakes  forming  behind  the  base  regions  of 
banks,  rather  than  by  shock  waves  as  was  believed  in  [15,18],  which  is  clearly  seen  in  the 
photographs  Fig.  7  obtained  with  horizontal  knife. 

Therefore,  the  A/  value  falls  abruptly  over  the  starting  section  of  the  flow  (Fig.  8),  as  the 
intensity  of  the  shock-wave 
structure  diminishes,  since  in  this 
case  the  latter  cannot  be  resolved 
because  its  characteristic  size  is  30 

smaller  than  the  diameter  of  the 
probing  beam.  But  further  j5 

downstream  at  ^stances  jc>  10  the 
behaviour  of  A/  (x)  turns  out  to  be 
determined  to  a  larger  extent  by  the 
turbulent  properties  of  the  whole  ^ 
stream  (the  wakes  of  neighbouring 
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base  regions  here  have  got  merged  already).  Figure  9  illustrates  the  behaviour  of  intensity  of 
the  mass  flow  rate  fluctuations  m*  for  conical  SNBs  (a  is  the  semi-angle  of  divergence  of  an 
individual  micronozzle).  As  neighbouring  jets  get  mixed,  the  m*  value  drops,  attaining  its 

lowest  at  distances  x  >  30.  The  tJ 
value  varies  with  x  in  the  same 
manner,  the  best  optical  quality 
(OQ)  of  stream  (lower  A/)  being 
obtainable  for  conical  SNBs  with 
large  a  angles.  The  latter  is  in 
line  with  the  data  shown  in 
Fig.  9.  The  constancy  of  A/  in 
the  region  x  >  30  is  indicative  of 
the  &ct  that  here  not  only  the 
intensity  of  pulsations,  but  also 
the  integral  scale  stop  changing. 

Since,  as  noted  above,  the  wakes  retain  in  the  stream  over  a  large  distance  -  in  our  case 
up  to  100  calibers  [18]  -  in  the  experiments  the  A/ vs  dependence  is  registered,  ^being  the 
angle  between  the  probing  direction  and  the  micronozzle  array  of  the  bank.  (The  above  is  due 
to  that  the  given  wake  structure  is  has  not  been  resolved  in  the  measurements.  If  the  latter  had 
been  resolved  (in  case  of  a  sufficiently  narrow  beam),  no  averaging  of  the  turbulent  structure 
would  take  place  over  such  an  aperture).  With  it,  there  existed  a  ^optim  angle,  for  which  the 
presence  of  wake  structure  results  in  no  phase  shift  over  the  beam  aperture,  i.e.  the  stream 
viewed  from  this  direction  becomes  optically  homogeneous.  The  angle  ^optmi  can  be  easily 
estimated  from  nozzle  bank  geometry,  which  determines  the  structure  of  flow  as  a  whole  [19], 
The  results  of  testing  in  this  direction  (in  the  region  x  >  0)  can  be  treated  by  using  Eq.(l). 

Thus,  it  is  shown  that  the  results  of  measurements  of  the  scattered  portion  of  radiation 
made  with  the  small-aperture  version  of  the  FSM  are  determined  primarily  by  the  behaviour 
of  the  developing  turbulent  characteristics  of  flow  either  in  case  when  the  regular  flow 
structure  -  if  the  latter  does  exist  -  is  resolved,  or  in  the  case  of  measurements  being  conducted 
at  such  an  angle,  for  which  the  structure  exerts  no  effect  on  A^  obtained  with  using  such  beam 
aperture.  Therefore,  in  case  when  data  on  the  intensity  of  pulsations  are  available  (obtained, 
for  instance,  with  the  help  of  hot-wire  anemometry),  the  values  of  mean  integral  scales  of 
flow  can  be  easily  obtained  from  the  measured  A/  values.  The  use  of  this  variant  (combining 
the  two  techniques)  seems  to  be  quite  reasonable  in  case  of  studying  turbulence  in  supersonic 
flows  with  high  Mach  numbers,  when  measuring  correlation  functions  at  large  number  of 
points  appears  to  be  too  cumbersome  a  procedure.  Besides,  there  exists  a  high  probability  of 
damaging  the  hot  wire  in  a  stream  of  a  high  supersonic  speed  caused  by  inevitable  presence  of 
dust  in  it.  Optical  techniques,  apart  from  their  easy  implementation,  allow  to  cut  Ae  duration 
of  the  experiments,  i.e.  to  save  the  time  required  for  testing  in  a  tunnel,  the  equiprnem  needed 
for  the  realization  of  the  FSM  being  simple  enough  [8,10]. 
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Introduction 

Due  to  a  large  number  of  theoretical  and  experimental  studies,  the  theory  of 
laminar-turbulent  transition  in  incompressible  flows  is  investigated  rather  in  details. 
Laminar-  turbulent  transition  investigations  at  supersonic  velocities  are  not  so 
numerous.  Before  early  90s,  available  experiments  in  supersonic  boundary  layers 
provided  adequate  bases  only  for  linear  theory  of  stability.  However  the  method  of 
introduction  of  controllable  ^sturbances  developed  over  the  last  5  years  [1,  2],  made 
it  possible  to  investigate  experimentaUy  the  nonlinear  stage  of  disturbance  evolution 
and  stimulated  the  development  of  theoretical  models  for  nonlinear  mechanisms. 

The  cited  above  experimental  technique  allowed  to  introduce  wave  packet 
with  fixed  frequency  into  supersonic  boundary  layer.  Flat  plate  experiments  at  Max 
number  M=2  have  shown  that  when  artificially  modulated  disturbances  of  frequency 
Fi=20  kHz  were  introduced,  downstream  oscillograms  displayed  the  signals  with 
subharmonic  frequency  F2-F3-IO  kHz  along  with  fundamental  frequency  Fj.  From 
some  downstream  distance  and  on,  subharmonics  dominated  the  process.  The  wave 
spectra  of  these  disturbances  are  typical  for  three-dimensional  ToUmien-Schlichting 
waves.  The  measured  increments  for  subharmonics  could  not  be  explained  as  a  linear 
growth  of  TS  waves.  The  analysis  of  Fourier  -  spectra  has  shown  that  Spanwise  wave 
numbers  pj  (/^L  2,  3)  associated  with  maxima  in  spectra,  answered  to  resonant 
condition  pi-^pi  It  was  assumed  that  the  behavior  of  dominant  disturbances 
could  be  explained  as  subharmonic  resonance. 

The  early  theoretical  studies  were  based  mainly  on  the  model  of  secondary 
instability.  Later  a  number  of  results  were  obtained  by  direct  numerical  simulation.  In 
work  [3]  an  averaging  method,  which  has  been  developed  for  incompressible  case  [4], 
was  applied  to  supersonic  boundary  layer.  Some  numerical  results  were  obtained 
which  confirmed  the  possibility  of  subharmonic  resonance. 

Model  of  resonant  triads 

In  works  [5,  6],  three-wave  model  has  been  suggested  for  an  explanation  of 
behavior  of  dominant  disturbances  in  experiments.  That  model  includes  low- 
amplitude  three-dimensional  subharmonic  TS  waves  pumped  up  through  parametrical 
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resonance  in  the  field  of  unstable  three-dimensional  TS  wave  of  greater  amplitude  Ai 
(A2^3/Ai«1).  On  the  basis  of  weakly  nonlinear  theory  a  method  was  suggested  for 
the  numerical  analysis  of  the  evolution  of  resonant  disturbances  in  the  form 
^j^fyJ^^pff-COjt  +  fijZ  +  fajdxJ  (here  a  is  a  complex  and  ~  a  real  value)  in 
supersonic  boundary  layer.  The  method  is  based  on  decomposition  of  the  solution  in 
the  terms  of  small  parameter  s  (this  parameter  is  of  the  order  A2^^Ai)  and  two-scale 
decomposition  of  streamwise  coordinate:  Xi=x  and  X2  ^X=£X.  The  opportunity  of 
two-scale  decomposition  is  proved  by  a  large  difference  between  growth  rates  for 
disturbance  phases  and  amplitudes. 

The  equations  describing  amplitude  evolution  for  resonant  triad 
Qj—Ajexp  (-iaj)  were  written  as  follows: 


da  I 

lx 


=  - Im  ( a  i)a  1+  eS  iQ  2a  ^exp(  iA  J 


da  2 
lx 


-lm(a2(3  ))a  2(3 ;+  s  5  21^3  jexpf  /A  2(3  j) 


(1) 


as  well  as  a  procedure  for  calculation  of  complex  coefficients  of  nonlinear  interaction 
Sj  (/=1,2,3).  Terms  with  Aj  take  a  detuning  Aj  =  Real(\(a2  '•■^3  '■^\)dx )  -  -0L2  3 
into  account. 

In  works  [5,  6]  numerical  results  were  obtained  which  proved  that  the  selection 
of  dominant  disturbances  as  itself  occurs  as  a  result  of  parametrical  resonance  of 
background  disturbances  which  formed  a  nonsymmetric  subharmonic  triad.  The 
calculated  eigenvalues  were  very  close  to  those  received  in  experiments  for  central 
wave  vectors  of  wave  trains. 


Numerical  results  for  isolated  triad  model 

In  this  work  (see  also  [7])  the  behavior  of  a  resonant  triad  with  spectral 
parameters  corresponding  to  experiments  at  M=2  is  numerically  investigated  at 
various  initial  amplitudes  of  disturbances.  For  each  wave  mode  dimensionless 
frequency  parameter  F,  connected  with  frequency  as  ftF=RexF  and  dimensionless 
parameter  b=\{Pxp/K&  were  kept  constant. 

As  shown  in  Fig.l,  in  supersonic  flow  an  interaction  has  not  got  an  "explosive" 
character  when  initial  amplitudes  grow  which  is  peculiar  for  incompressible  flows.  In 
this  case,  at  nonlinear  stage  phase  relationships  between  coefficients  of  nonlinear 
interaction  Sj  (/=1,2,3)  take  such  values  that  quasiperiodical  regime  with  energy 
exchange  between  modes  is  established.  By  this  is  meant  that  subharmonic  resonance 
hardly  is  the  direct  mechanism  of  laminar  -  turbulent  transition  in  supersonic  flow. 
But  it  likely  plays  an  important  role  in  complicated  nonlinear  process  of  disturbance 
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Fig.l  Evolution  of  resonant  triad 
amplitudes:  1-  fundamental  wave, 
2,3  -  subharmonic. 


Fig.  2  Evolution  of  resonant 
triad  amplitudes  in  comparison 
with  experiments  [1,  2]. 


spectrum  formation  in  transitive  zone.  In  support  of  this  conjecture  it  can  be  noted, 
for  example,  a  detection  in  experiments  of  disturbance  with  frequency  Fi/4  having 
rather  large  amplitude.  That  can  testify  the  resonant  cascade  energy  transfer  thfough 
spectrum  to  the  region  of  strongly  dissipated  low  frequencies. 

On  the  basis  of  three-wave  model  a  spatial  evolution  of  triad  amplitudes  for 
experimental  conditions  was  numerically  designed.  Fig.  2  shows  the  results  (in 
arbitrary  units)  in  comparison  with  experiment  data.  Admittedly,  an  agreement  is 
quite  good  for  the  case  of  simple  three-wave  model. 

Interaction  of  wave  trains 

It  is  obvious,  that  the  three-wave  model  is  a  limiting  simplification  of  real 
nonlinear  process.  The  wave  spectra,  received  by  Fourier  -  decomposition  of 
experimental  amplitudes,  testify,  that  the  distuibances  represent  rather  wide  spatial 
wave  packets.  In  this  case,  bearing  in  mind  that  cij=aj  (X,  o>j,  fij),  an  amplitude  of  a 
disturbance  with  certain  frequency  oy  can  be  defined  as  follows: 

=  (2) 

Substituting  integration  in  (2)  by  summation,  we  should  present  each 
disturbance  of  frequencies  coj  and  0)2  bs  a  wave  packet  consisting  of  a  sum  of  N 
narrow  wave  packets: 

N 

(3) 

W=1 

In  this  case  amplitude  equations  (1)  can  be  generalized  easily: 
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(4) 


da  ^ 

— ^  =  -  Im( a.i„)a^„  +  e  t^SiaikOn  exp( 

k.l=\ 

=  -  Im(  a2„>2m  +  ^IL^imkiOikOil  exp(  it^2„kl) 

Right-hand  sums  include  those  pairs  which  answer  resonant  condition  for  p. 

In  this  work  numerical  calculations  of  the  evolution  of  resonantly  interacting 
wave  packets  with  frequencies  Fi=38xl0'^  and  F2=19xl0‘®  are  presented  (M=2  and 
other  parameters  answer  experimental  conditions)  according  to  the  formulas  (2). 
Spanwise  wave  number  interval  (-2;  +  2)  rad/mm  was  divided  into  20  narrow  wave 
packets,  i.e.  N=20.  Initial  conditions  for  amplitudes  were  set  by  two  wayi:  (1)  at 
x=44  mm  partial  amplitudes  are  set  equal  for  every  wave  mode;  (2)  initial  amplitudes 
were  set  according  to  experimental  distributions  at  x=60  nun. 


beta,  rad/ Tin 


Fig. 3a.  Spanwise  amplitude 
distribution:  0-X=44  mm; 
1-X=60  mm;2-X=100  mm; 
3-X=110  mm;  4-X=120  mm; 
5-  X==130  mm. 


Fig.  3b.  Spanwise  amplitude 
distribution:  1-X=60  mm; 
2-X=100  mm;  3-X=110  mm; 
4-X=120  mm;  5-X=130  mm. 


Numerical  results  for  fundamental  mode  are  displayed  on  Fig.  3a  and  Fig.  3b. 
As  it  can  be  seen,  the  initial  spectrum  undergoes  significant  transformation 
downstream  which  does  not  depend  on  the  way  of  initial  condition  definition.  Fig.  3a 
shows  that  for  the  case  (1),  when  equal  initial  amplitudes  were  determined  at 
x=44  mm,  one  wave  length  downstream  from  the  sauce  of  disturbances,  placed  at 
x=38  mm,  two  wide  maxima  appeared  in  -distribution  at  x=60  nun,  that  is  only 
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two  wave  lengths  downstream.  This  maxima  were  located  in  the  vicinity  of  /?  -1 
rad/mm,  in  full  accordance  with  linear  stabihty  theory.  At  the  next  section,  the 
maxima  shifted  to  >^0.8  rad/mm,  where  remained  in  all  subsequent  sections  and 
became  significantly  narrow.  Comparison  of  these  distributions  demonstrates  a  good 
qualitative  agreement  with  experimental  distributions  [1,2]. 

This  work  was  supported  by  RFBR  grant  Ns  96-01-01580  and  ISTC  grant 
Ns  128,  monitored  by  Dr.  N.  Malmuth  and  Dr.  A.  Maslov. 
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INTRODUCTION 

When  solving  applied  problems  the  necessity  to  define  the  flow  characteristics  in  the 
interaction  area  of  the  hypersonic  boundary  layer  with  the  flow  inhomogeneities  such  as  an 
expansion  fan,  shock  wave  etc.  often  arises.  The  major  effect  of  the  inhomogeneities  listed  is 
connected  with  appearance  the  pressure  gradient  that  not  only  changes  mean  flow 
characteristics  but  also  influences  on  the  boundary  layer  stability. 

Few  theoretical  and  experimental  studies  on  the  effect  of  pressure  gradients  on  the  primary 
instability  of  compressible  boundary  layers  have  been  p^ormed.  The  review  of  these 
investigations  can  be  found  in  [1,2].  It  was  shown  that  the  effectiveness  of  favorable  pressure 
gradients  for  natural  laminar  flow  control  decreases  at  hypersonic  Mach  numbers  and  three- 
dimensional  first-mode  waves  are  much  more  unstable  with  adverse  pressure  gradients  than 
two-dimensional  ones. 

The  only  experimental  investigations  of  the  supersonic  boundary  layer  stability  to  artificial 
disturbances  at  the  interaction  with  the  compression  ramp  on  the  axis-sjmimetric  model  were 
carried  out  at  Mach  2  [3].  Amplitude  spectra  on  wave  numbers  in  transversal  direction  for 
different  values  of  the  longitudinal  coordinate  were  obtained.  It  was  noted  of  a  considerable 
increase  of  the  disturbance  amplitude  practically  for  all  wavefront  inclination  angles.  The  most 
intensive  increase  of  disturbances  begins  at  the  wavefront  inclination  angle  ;k^=60°.  For 
comparison  notice  that  disturbances  in  the  boundary  layer  of  a  cone  were  mostly  increasing  at 
^=50°. 

These  results  assure  us  that  with  the  increase  of  the  Mach  number  some  specific  features 
in  the  supersonic  boundary  layer  stability  appear.  Besides  that,  it  is  known  fi'om  the  theory  that 
high  instability  modes  appear  starting  fi'om  M  ^  4.  Investigation  of  artificial  disturbances 
development  on  a  model  of  cone  with  a  flare  will  allow  one  to  make  a  study  of  the  laminar- 
turbulent  transition  process  in  the  inhomogeneous  boundary  layer. 

TEST  FACILITIES,  MODELS  AND  DATA  ACQUISITION 

Hypersonic  wind  tuimel  T-326  ITAM  SB  RAS  was  used  for  measurements  at  the  fi'ee 
stream  Mach  number  Mco  =  5.92  and  unit  Reynolds  number  Rei  =  11.8-10* m‘\  The  test 
section  of  this  wind  tunnel  represents  Effel  chamber,  the  diameter  of  axisymetrical  nozzle  is 
200  mm.  Stagnation  pressure  Po  and  temperature  I'o  in  the  experiments  were  kept  constant 
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Fig.  1  Scheme  of  the  model 


Fig  2  Flow  pattern  near  compression  ramp 


iPo=  10  kg/cm^,  To-  390  K).  In  order  to  define  flow  parameters  in  each  of  experiments,  Po 
and  To  were  measured  with  accuracy  of  0.5%  and  data  were  stored  on  hard  disk  of  IBM 
computer.  Moreover  this  computer  was  used  for  control  of  moving  of  the  Pitot  probe  and  hot 
wire. 

For  research  of  static  pressure  distribution,  Pitot  pressure  measurements  and  investigation 
of  distuibances  development  in  the  boundary  layer  two  geometrically  sunilar  models  were 
made.  They  were  installed  in  the  test  section  with  the  same  model  support.  The  first  model  was 
manufactured  fi'om  steel  and  designed  for  the  studies  of  artificial  and  natural  disturbance 
development  in  the  boundary  layer  over  the  compression  ramp.  The  source  of  artificial 
disturbances  had  construction  similar  to  one  described  in  [4]  and  was  installed  in  the  model  at 
60  mm  fi-om  the  cone  nose.  Also  one  thermocouple  was  installed  on  the  model.  The  model 
could  be  rotated  about  longitudinal  model  axis  by  means  of  the  rotating  gear  with  an  accuracy 
of  0.1°.  The  scheme  of  the  model  is  presented  in  Fig.  1.  The  second  model  was  designed  for 
static  and  Pitot  pressure  measurements.  It  had  the  same  geometry  and  fitted  30  pickup  holes. 
Models  had  the  same  stings  and  were  installed  in  the  test  section  with  zero  incidence  angle. 

A  constant-current  hot-wire  anemometer  TPT  -  4  with  the  fi’equency  band  up  to  200  kHz 
was  used  in  the  measurements.  The  method  of  measurements  by  means  of  constant-current 
hot-wire  anemometer  is  commonly  used  in  hypersonic  flows  and  described,  for  example  in  [6]. 
The  alternate  and  constant  electric  signals  from  the  anemometer  output  were  transferred  to  a 
persona]  computer  of  IBM  type  using  a  2-channel  10-bit  ADC.  A  hot  wire  with  length  of 
approximately  1.5  mm  made  of  5  )mi  tungsten  wire  was  used  to  measure  the  flow  pulsations. 
The  hot  wire  was  moved  along  the  x  coordinate  by  the  three-component  traversing  gear  with 
an  accuracy  of  0.1  mm.  The  motion  along  normal  coordinate  y  was  performed  by  the 
microtraversing  gear  with  an  accuracy  of  0.01  mm.  The  hot  wire  position  was  correlated  with 
the  model  surface  by  an  electric  contact  of  the  hot  wire  with  the  model.  Then  to  the  y 
coordinate  was  added  the  half  diameter  of  the  wire  support  (0.05  mm). 

For  determining  the  pulsation  spectra,  the  alternate  signal  from  the  hot-wire  anemometer 
was  digitized  with  the  clock  fi'equency  of  333  kHz  by  means  of  ADC  and  transferred  into  the 
personal  computer.  This  clock  frequency  of  data  acquisition  allowed  for  the  analysis  of  signals 
with  frequency  up  to  166  kHz.  To  exclude  a  possible  spurious  effect  of  signals  with  a  higher 
fi’equency,  a  low-frequency  filter  was  used  that  cut  off  the  signals  with  firequency  higher  than 
165  kHz.  A  realization  of  about  2-10’  readings  was  recorded  for  each  point  of  the  boundary 
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layer  profile.  The  spectra  of  signals  with  fi-equencies  higher  than  100  kHz  were  not  sufficiently 
smooth  despite  a  large  realization  size  due  to  a  low  value  of  the  signal  on  these  fi'equencies. 


RESULTS 

Mean  flow  characteristics  The  study  of  the  static  pressure  distribution  on  the  model 
surface  and  Pitot  pressure  Po  profiles  inside  boundary  layer  has  been  performed  [5],  Model 
was  in  adiabatic  conditions.  The  obtained  results  have  shown  that  a  laminar  separation  of  the 
boundary  layer  with  a  laminar  reattachment  is  formed  on  the  examined  model.  The  presence  of 
a  slight  increase  of  pressure  inside  the  region  testifies  to  a  concave  shape  of  the  separation 
region  boundary.  The  flow  pattern  near  compression  ramp  is  shown  in  Fig.  2.  The  positions  of 
shock  waves  and  both  of  theoretical  and  experimental  boundary  layer  thickness  values  are 
presented  in  figure.  It  is  seen  that  separation  zone  is  located  between  x  =  105  and  x  =  130  mm 
(x  -  the  longitudinal  coordinate  counted  from  the  nose  along  model  axis). 

Natural  disturbances  The  integral  level  of  mass  flow  pulsations  <m>  with  respect  to  the 
local  mass  flow  versus  y/5  (where  S  is  boundary  layer  thickness)  ahead  of  the  separation 
region,  in  the  separation  region  and  after  the  boundary  layer  reattachment  is  shown  in  Fig.  3  (a, 
b,  c),  respectively.  The  level  of  pulsations  in  the  boundary  layer  is  higher  than  one  in  the 
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Fig.3  (a) 


Fig.3  (b) 


Fig.3  Distribution  of  integral  pulsation  <m>  Fig.4  The  spectra  of  <m>  for  all  ninft  cross- 

across  boundaiy  layer  before  (a),  inside  (b)  and  sections  measured  in  the  mavinmni  of 

after  (c)  separation  zone.  fluctuations. 


158 


inviscid  flow.  There  are  large  peaks  of  disturbances  at  ylh  =  0,8-5-  0.9,  their  amplitude  being 
higher  than  in  the  inviscid  flow  by  a  factor  of  8-5-10.  Approaching  the  wall,  the  disturbances  are 
rapidly  damped.  An  increase  of  fluctuations  of  all  frequencies  in  the  near-wjdl  region  is 
observed  in  the  separation  region.  This  is  especially  well  seen  in  Fig. 3(b).  DistuAances 
increase  after  the  reattachment  in  the  entire  boundary  layer.  This  is  apparently  caused  by  the 
beginning  of  the  boundary  layer  turbulization  (see  Fig.  3  (c)). 

Figure  4  shows  the  spectra  of  <m>  for  all  nine  cross-sections  measured  in  the  maximum  of 
fluctuations.  Since  the  amplitude  of  pulsations  decreases  rapidly  with  increasing  the  frequency, 
the  <m>  axis  is  built  in  the  logarithmic  scale.  According  to  their  behavior,  pulsations  can  be 
divided  into  three  regions:  low-frequency  (<20kHz),  medium-frequency  (20-^80kHz)  and 
high-frequency  (>80kHz).  Low-frequency  disturbances  in  the  separation  region  increase 
slowly  (by  approximately  1.5  times).  Disturbances  of  the  medium-frequency  region  are  neutral. 
High-frequency  pulsations  in  the  separation  region  increase  strongly  (about  by  a  factor  of  5). 
The  boundary  between  the  medium-frequency  and  high-frequency  pulsations  is  not  fixed  but 
moves  gradually  to  the  region  of  lower  frequencies.  After  the  reattachment  (x  =  140,  150  mm) 
disturbances  of  all  frequencies  increase,  which  indicates  the  beginning  of  the  boundary  layer 
turbulization.  Since  the  fraction  of  high-frequency  disturbances  is  small,  as  it  is  seen  from  the 
spectra,  the  eigenfunctions  presented  above  reflect  mainly  the  amplification  of  low-frequency 
disturbances. 

Artificial  disturbances  development  Disturbances  with  the  frequency  40  kHz  were 
introduced  into  the  boundary  layer  with  aid  of  an  electric  discharge  source.  This  frequency 
corresponds  to  the  frequencies-medium  region  from  the  measurements  of  natural  disturbances. 
The  electric  signal  from  the  generator  whose  frequency  was  checked  by  a  frequency  meter  was 
amplified  and  used  to  trigger  an  electric  discharge  in  the  chamber  of  the  source  of  disturbances. 
The  technique  of  artificial  disturbances  introduction  into  the  boundary  layer  was  similar  to 
supersonic  one  which  is  circumstantially  described  in  [4].  The  exit  orifice  of  the  source  had  a 
diameter  of  0.4  mm.  To  eliminate  the  influence  of  random  noise  and  contribution  of  natural 
disturbances,  multiple  accumulation  and  averaging  of  the  alternate  component  of  the  hot-wire 
signal  were  carried  out.  For  this  purpose,  the  signal  was  recorded  simultaneously  with  the 
discharge  initiation,  and  a  narrow-band  filter  was  used. 

The  measurements  were  taken  in  the  layer  of  the  maximum  value  of  pulsations.  For  this 
purpose,  the  hot  wire  in  each  cross-section  was  set  in  the  position  corresponding  to  the 
maximum  variable  component  of  the  hot-wire  signal,  and  then  the  signal  amplitude  and  phase 
distributions  over  angle  of  model  rotation  6  were  recorded  with  an  interval  of  3°.  Thus,  the 
amplitude  and  phase  distributions  of  disturbances  were  obtained  in  nine  cross-sections. 

From  the  data  obtained,  the  transverse  wave  spectra  for  all  cross-sections  were  calculated. 
The  amplitude  and  phase  distributions  versus  the  transverse  wavenumber  p  are  presented  in 
Fig.  5  One  can  see  from  the  figure  that  the  source  generates  a  wave  packet  with  a  large  content 
of  waves  with  small  inclination  angles.  Then  the  plane  wave  (z=0)  \s  rapidly  attenuated,  and 
inclined  waves  play  the  major  role.  An  inclined  wave  propagating  at  an  angle  of  -'60°  (P  =  0.7) 
is  revealed  already  in  the  second  cross-section,  which  is  found  afterwards  in  the  wave  spectra 
of  all  subsequent  cross-sections.  It  should  be  noted  that  a  plane  wave  appears  in  the  wave 
spectrum  again  in  the  cross-section  located  immediately  behind  the  beginning  of  the  separation 
region.  This  testifies  that  the  circular  separation  line  is  a  generator  of  two-dimensional 
disturbances.  In  the  course  of  the  wave  packet  development  in  the  separation  region,  the  plane 
wave  is  rapidly  attenuated,  and  an  inclined  ('-60°)  wave  is  revealed.  A  peak  corresponding  to 


159 


p,  nd/mm  p,  nd^mm 


Fig.5  The  transversal  spectra  of  artificial  disturbances  for  all  cross  sections 


the  wave  propagating  at  an  angle  of  ~80®  is  identified  in  transverse  wave  spectra  for  cross- 
sections  located  downstream  of  the  separation  region.  Appearance  of  this  peak  may  testify  to 
the  beginning  of  nonlinear  processes  in  the  boundary  layer. 

Since  the  flow  under  study  is  rather  complicate  and  the  number  of  cross-sections  is 
limited,  it  does  not  seem  possible  to  perform  a  fiill  spectral  analysis  in  the  streamwise  direction. 
A  simplified  technique  was  used  to  obtain  the  values  of  ph^e  velocity  of  the  waves  with 
different  inclination  angles.  The  streamwise  wavenumber  otr  was  estimated  fi^om  the  formula 

and  the  phase  velocity  of  disturbances  was  determined  as  C,  (z)  =  where 


Ax 

fi 


X  =  arctg-^  is  the  of  wavefi-ont  inclination  angle  to  the  main  stream,  U,  -  velocity  at  the  edge 
ex. 


of  boundary  layer  and  A  -  —  is  the  disturbance  wavelength.  It  should  be  noted  that  such 

evaluation  has  integral  nature,  therefor  only  approximate  conclusions  about  structure  of  wave 
packet  can  be  made.  Such  an  estimate  was  carried  out  for  all  three  flow  regions  separately: 
upstream  separation  zone,  inside  it  and  downstream  it.  Figures  6  (a,  b,  c)  show  the  phase 
velocity  of  disturbances  versus  the  wavefront  inclination  angle  for  three  flow  regions.  The  solid 
line  in  the  figures  indicates  the  maximum  propagation  velocity  of  acoustic  disturbances  as  a 

function  of  the  wavefi*ont  inclination  angle  C  (y)  =  l - - - •  Cto®  can  see  that  a  plane 

'  M,cosx 


a)  b)  c) 

Fig.6  Phase  velocity  of  artificial  disturbances:  upstream  (a);  inside  (b)  and  downstream  of  separation 
zone  (c). 
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wave  is  developed  near  the  source,  while  inclined  acoustic  waves  show  up  downstream.  In  the 
separation  region  and  downstream  ,  the  phase  velocities  of  disturbances  with  ;if  less  than  55° 
are  less  then  C, .  Thus,  in  these  regions  acoustic  waves  are  prevalent.  At  the  same  time 
increase  of  integral  C,  for  =  20  -i-  35  degree  points  out  existence  of  vortex  like  waves  with 
same  x 

It  should  be  noted  that  these  results  are  only  estimated,  since  the  minimum  number  of 
cross-sections  was  examined  in  each  region,  therefore,  the  value  of  phase  velocity  could  be 
obtained  with  a  considerable  error. 


CONCLUSIONS 

The  structure,  mean  and  fluctuating  characteristics  of  a  hypersonic  boundary  layer  in  the 
separation  region  have  been  experimentally  studied  on  the  model  of  the  'f  cone  with  a  flare  at 
the  fi-ee-stream  Mach  number  M*  =  5.92  and  unit  Reynolds  number  Rei  =11.8-10®  m'^ 

The  development  of  natural  disturbances  in  the  boundary  layer  over  the  compression  ramp 
has  been  studied,  the  eigenfunctions  and  pulsation  spectra  have  been  obtained.  It  is  shown  that 
the  main  fluctuations  are  concentrated  in  a  narrow  region  near  the  upper  edge  of  the  boundary 
layer.  From  the  changes  in  disturbance  spectra  downstream,  three  typical  regions  (low- 
firequency,  medium-fi-equency  and  high-fi*equency  ones)  are  identified.  After  the  reattachment 
disturbances  of  all  fi'equencies  increase,  which  indicates  the  beginning  of  the  boundary  layer 
turbulization. 

The  evolution  of  artificial  disturbances  in  the  boundary  layer  in  the  separation  region  has 
been  studied.  Wave  spectra  have  been  obtained,  and  the  wave  inclination  angles  have  been 
estimated.  The  onset  of  two-dimensional  disturbances  in  the  separation  region  is  shown,  which 
is  apparently  related  to  a  high  receptivity  of  the  boundary  layer  in  the  inhomogeneous  region. 
Phase  velocities  of  disturbances  have  been  estimated,  which  show  that  acoustic  disturbance 
prevail  at  small  wave  inclination  angles  <55^,  and  vortex  disturbances  prevail  at  high  angles. 
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The  subject  of  laminar-turbulent  transition  is  of  considerable  practical  interest  and  has  a 
wide  range  of  engineering  applications,  due  to  the  feet  that  transition  controls  the  evolution 
on  important  aerodynamic  quantities  such  as  drag  or  heat  transfer.  The  mechanisms  that 
drive  the  dynamics  of  transition  to  turbulence  depend  on  the  environmental  disturbance 
level.  If  the  free  stream  disturbances  are  weak  enough  and  if  the  wall  is  smooth,  the  first 
stage  of  the  transition  process  is  so-called  boundary  layer  receptivity.  Receptivity  refers  to 
the  mechanism  that  cause  the  environmental  disturbances  to  enter  the  boundary  layer  and  to 
generate  unstable  waves.  At  the  present  time,  the  receptivity  mechanisms  are  poorly 
understood,  especially  at  high  Mach  numbers.  However,  the  understanding  of  these 
phenomena  is  of  great  importance  because  the  receptivity  makes  the  link  between  the 
amplitude  of  the  free  stream  disturbances  and  the  initial  amplitude  of  the  unstable  waves. 

The  first  experimental  study  of  the  boundary  layer  receptivity  to  external  disturbance  at 
supersonic  flow  velocities  was  presented  in  [1].  It  was  measured  the  correlation  coefficients 
between  the  free  stream  and  boundary  layer  pulsations. 

A  method  using  controlled  disturbances  has  been  developed  at  IT  AM  SB  RAS  to  study 
the  wave  processes  in  supersonic  flows  [2].  Using  the  acoustic  waves  incident  onto  the 
leading  edge  of  the  model  from  below,  receptivity  studies  were  performed  at  Mach  numbers 
M=2  [3]  and  M=3.5  {4],  It  was  established  in  [3]  that  external  disturbances  propagating 
upstream  do  not  excite  the  boundary  layer  pulsations,  only  external  acoustic  waves 
propagating  downstream  were  responsible  for  the  excitating  of  boundary  layer  pulsations. 
Receptivity  coefficients  were  obtained  for  the  latter  case.  The  maximum  receptivity 
coefficients  were  observed  for  the  waves  with  inclination  angles  in  XZ  plane  ;^=20°-;-40°. 
The  field  of  controlled  disturbances  in  the  free  stream  at  M=3.5  was  studied  in  [4].  The  field 
of  disturbances  had  a  more  complicated  structure  than  at  M==2.  The  absolute  amplitudes  and 
the  mode  structure  of  controlled  pulsations  were  obtained.  It  was  shown  that  disturbances 
introduced  into  the  free  stream  had  an  acoustic  nature.  The  excitation  of  pulsations  in  the 
boundary  layer  by  external  disturbances  at  M=3.5  was  much  more  intensive  than  at  M=2. 
Inclined  waves  had  larger  receptivity  coefficients  than  the  waves  with  2^=0°.  Experimental 
investigation  of  boundary  layer  receptivity  to  2D  acoustic  waves  at  M==6  was  presented  in 
[5].  It  was  shown  that  hypersonic  boundary  layer  has  bigger  receptivity  than  supersonic  one. 

The  experimental  study  of  the  leading  edge  receptivity  to  external  acoustic  waves  at 
hypersonic  speeds  using  a  point  source  of  controlled  disturbances  was  performed  in  the 
present  work. 

Experimental  equipment.  The  experiments  were  performed  in  hypersonic 
blowdown  wind  tunnel  T-326  ITAM  SB  RAS  at  the  free  stream  Mach  number  Moo=5.92 
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and  unit  Reynolds  number  Rei=1310®  m'V  The  test  section  of  the  wind  tunnel  is  an  Eiffel 
chamber,  the  diameter  of  axisymetrical  contoured  nozzle  is  200  mm.  The  time  of  continuous 
operation  of  the  wind  tunnel  is  up  to  20  minutes.  The  Mach  number  flow  field  non¬ 
uniformity  in  the  flow  core  at  M=6  is  0.7%.  During  the  experiment  Po  and  To  were  kept 
constant  with  the  maximum  possible  accuracy;  thus,  the  fi-ee  stream  mass  flow  rate  was 
varied  in  the  course  of  experiment  by  no  more  than  1%.  The  models  surfaces  were  under 
adiabatic  conditions.  Receptivity  to  acoustic  disturbances  introduced  into  the  external  flow 
by  a  point  source  was  studied  for  two  disturbance  fi*equencies  /=31.6  and  50  kHz 
(F==0.1910’^  and  0.30- lO"^,  respectively). 

An  automated  system  for  measurements  of  the  mean  and  fluctuating  flow  parameters  is 
based  on  two  personal  computers  with  Pentium-133  processors.  One  computer  is  connected 
to  a  CAMAC  crate,  it  is  used  for  acquisition  and  processing  of  the  information  about  the 
mean  flow  parameters  and  for  traverse  gear  control.  Using  a  two-channel  built-in  ADC,  the 
second  computer  is  responsible  for  measurements  of  the  mean  and  alternate  signals  of  the 
hot-wire  anemometer.  The  data  transfer  between  the  computers  is  carried  out  via  the 
TCP/IP  protocol  of  the  Ethernet  network  with  a  rate  of  10  MBit/s. 

A  constant-temperature  hot-wire  anemometer  made  at  ITAM  was  used  for 
measurements  of  the  mass  flow  fluctuations.  The  hot-wire  probes  were  made  of  tungsten 
wire  5  |xm  in  diameter  and  I  mm  long,  which  was  welded  to  pointed  stings.  Probes  were 
moved  with  an  accuracy  of  0.01  mm  in  Y  direction  and  0. 1  mm  in  the  X  and  Z  directions. 
The  alternate  signal  fi'om  the  hot-wire  was  fed  to  a  selective  amplifier  with  a  1% 
transmission  band  width,  thus  improving  the  signal-to-noise  ratio.  The  constant  and 
alternate  components  of  the  hot-wire  signal  were  measured  by  a  two-channel  10-bit  ADC 
with  a  sampling  frequency  of  1  MHz.  To  exclude  random  fluctuations  and  reveal  artificial 
disturbances,  a  synchronous  summation  of  the  signal  was  used.  For  this  purpose,  the 
recorded  realizations  of  128  samples  were  summed  1000  times. 

To  generate  a  high-frequency  discharge,  an  electric  pulse  generator  was  developed.  It 
generated  high-voltage  (up  to  1000  V)  electric  pulses  with  duration  2  \is  and  repetition 
firequency  30^180  kHz.  This  device  was  triggered  by  a  master  frequency  generator  with  a 
frequency  stability  better  than  0.01%  and  was  fed  from  a  DC  source. 

Models.  Two  models  (P  and  T)  were  made  for  experiments  on  the  leading  edge 
receptivity  to  acoustic  disturbances.  The  models  were  flat  steel  plates  with  sharp  leading 
and  side  edges.  The  edge  angle  is  15°.  The  radii  of  the  models  leading  edges  were  less  than 
0.05  mm.  The  working  surfaces  of  the  models  were  carefully  polished. 

Model  P  had  a  point  electric  discharge  source  of  disturbances.  The  construction  of  this 
source  is  based  on  a  spark  electric  discharge  in  the  chamber  and  is  similar  to  the 
construction  described  in  [2].  Artificial  disturbances  were  introduced  into  a  hypersonic 
boundary  layer  through  an  orifice  0.4  mm  in  diameter,  made  in  the  working  surface  of  the 
plate.  The  source  coordinates  were  A=45mm,  Z=0mm,  where  X  is  the  streamwise 
coordinate  counted  from  the  leading  edge  of  the  model,  Z  is  the  spanwise  coordinate 
counted  from  the  symmetry  plane  of  the  plate. 

Model  T  located  in  the  region  of  influence  of  disturbances  from  the  sources  of  model  P. 
A  possibility  of  moving  the  model  T  in  the  vertical  direction  between  the  runs  was  ensured. 
The  models  were  installed  at  zero  incidence  with  an  accuracy  of  0.3®.  The  X  distance 
between  the  leading  edges  of  models  P  and  T  was  99  mm.  The  Y  distance  between  the 
models  was  chosen  after  the  field  of  disturbances  in  the  flow  was  investigated. 

A  scheme  of  model  positions  is  shown  in  Fig.  1 . 
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Fig.  1  The  model  disposition  in  the  hypersonic  wind  tunnel  T-326 ITAM  SB  HAS.  (1-model  P,  2-model 
T,  3-source  of  disturbances,  4-acoustic  radiation,  5-model  pylon,  6-hot  wire). 


Data  processing  It  was  assumed  in  data  processing  that  at  a  high  overheating  the  hot¬ 
wire  is  sensitive  only  to  mass  flow  fluctuations,  since  the  mass  flow  fluctuations  are  much 
larger  than  the  temperature  fluctuations.  In  this  case,  the  output  voltage  pulsations  of  the 
constant  temperature  hot-wire  anemometer  are  proportional  to  mass  flow  fluctuations  [6]: 


The  factor  L  is  found  from  the  dimensional  calibration  dependence;  -  L-\-N  m” . 

A  further  simplification  of  the  data  processing  procedure  was  made  using  the  results 
presented  in  [7].  It  was  experimentally  found  in  this  work  for  the  free  stream  Mach  number 

M=2  that  the  factor  is  practically  independent  of  the  Reynolds  number  and 

hot-wire  probe  overheating.  It  was  shown  that  2=0.24±0.01 . 

The  discrete  Fourier  transform  was  used  to  determine  the  amplitude  and  phase  of 
controlled  disturbances.  To  obtmn  the  spatial  wave  spectra,  discrete  Fourier  transforms  with 
respect  XoX,Y,Z  coordinates  using  a  spectral  window  were  used. 

When  detemuning  the  wave  inclination  in  the  XY  plane,  one  can  take  into  account  that 
disturbances  in  a  supersonic  flow  propagate  along  the  Mach  lines.  The  following 
relationship  between  the  streamwise  (Or)  and  vertical  {j^  wave  numbers  was  obtained: 


Y  ^  Ml 


(1) 


From  here,  we  can  obtain  the  wave  vector  inclination  angle  in  the  AT  plane: 


Free  stream  fluctuations.  The  measured  amplitude  and  phase  distributions  pulsations 
along  the  streamwise  coordinate  X  (Fig.2)  are  very  similar  to  data  obtained  in  [3,4].  The 
main  difference  in  the  source  of  disturbances  used  in  these  investigations  and  in  the  present 
work  is  that  the  disturbances  are  simultaneously  introduced  by  a  spark  discharge  through  an 
orifice  in  the  model  and  by  a  glow  discharge  on  the  model  suiface  because  of  the  low  static 
pressure.  The  size  of  the  source  of  disturbances  exceeds  considerably  the  size  of  the  orifice. 
This  is  especially  noticeable  at  high  voltages  on  the  electrodes.  Following  [4],  we  can 
suggest  a  simplified  model  of  the  source  of  disturbances.  Two  periodic  electric  discharges 
pnerate  two  toroid  vortices,  their  axes  being  perpendicular  to  the  XZ  plane.  These  vortices 
interact  with  each  other  and  generate  disturbances  propagating  upstream  and  downstream. 
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Fig.2  Amplitude  A  and  phase  ^  of  pulsations  in  the 
free  stream  along  the  streamwise  coordinate  A* 


Fig.  3  Comparison  of  Or  spectra,  obtained  from 
pulsation  distribution  along  and  spectra, 
evaluated  from  /spectra 


Tollmien-Schlichting  waves  propagating  downstream  are  also  excited  in  the  boundary  layer 
of  the  model  P.  These  processes  are  accompanied  by  emission  of  acoustic  oscillations  into 
the  external  flow.  The  field  of  emission  should  be  complicated  and  consists  of  several  zones 
where  the  disturbances  propagate  with  different  phase  velocities.  In  phase  distributions, 
using  the  linear  regions  of  phase  variation  with  respect  to  A'  as  a  criterion,  one  can  roughly 
reveal  characteristic  zones  of  disturbances  with  a  constant  phase  velocity. 

Amplitude  and  phase  distributions  pulsations  along  the  vertical  coordinate  Y  were  also 
measured.  The  wave  number  spectra  along  X  and  T  (at,  spectra)  were  obtained  after  the 
discrete  Fourier  transform  of  istributions  along  Z.  The  /spectra  can  be  used  to  estimate 
the  at  spectra  from  formula  (1).  The  results  of  these  estimates  are  presented  in  Fig.  3.  The 
results  are  in  satisftu:tory  agreement,  which  means  that  the  pulsations  really  propagate  in  the 
flow  along  the  Mach  lines.  In  this  case,  the  wave  inclination  angles  cp  in  the  free  stream  can 
be  estimated  using  formula  (2).  The  results  of  such  an  estimate  showed  that  high-amplitude 
waves  are  introduced  at  ^=90°,  the  waves  with  small  inclination  angles  (^s0®and 
<p  =180^’)  have  appreciably  smaller  amplitudes. 

Receptivity  measurements.  To  obtain  the  maximum  accuracy,  it  was  decided  to 
perform  all  the  necessary  measurements  in  one  run.  To  do  so,  one  had  to  measure  during 
one  run  the  X  and  Z  distributions  of  pulsations  in  the  free  stream  upstream  of  the  leading 
edge  of  model  T  (as  close  to  it  as  possible)  and  the  same  distributions  in  the  layer  of 
maximum  pulsation  in  boundary  layer  of  model  T  to  obtain  the  ok  and  p  spectra  of 
pulsations  of  external  acoustic  disturbances  and  proper  disturbances  of  the  boundary  layer. 
However,  the  time  of  one  run  (*20  min)  was  sometimes  insufficient  to  obtain  all  the 
information.  Therefore,  the  X  distributions  in  the  boundary  layer  of  model  T  were  measured 
only  once  for  each  frequency  of  pulsations  (50  and  31.6  kHz).  Some  Z  distributions  in  the 
boundary  layer  of  model  T  were  not  completely  measured  either.  A  total  of  four 
measurements  of  this  type  were  performed  at  difference  distances  between  plates  and  at  two 
frequencies  (31.6,  50  kHz). 

From  the  inclination  of  the  pulsation  phase  curves,  one  can  estimate  the  streamwise 
wave  number  of  external  acoustic  disturbances  ok  near  the  leading  edge.  To  obtain  the 
phase  derivative  with  respect  to  X^  a  polynomial  approximation  was  used.  Then  we 
estimated  the  inclination  angle  of  anacoustic  wave  in  the  AT  plane  using  formula  (2)  and 
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obtained  that  in  all  cases  jangle  was  close  to  90®. 

rtonbutions  of  phase  in  the  center  of  wave  packet  in  the  boundary  layer  was  meas- 
numbers  and  phase  velocities  were  obtained:  ot=0.46  and  0  31  CAM)  83 
^  Th®  values  of  phase  velocity  are  close  to  1- 

th^^nd^  layCT  *““**’'  ‘’’®  '’‘■°**™®"-ScWichting  waves  in 

The  measured  spanwise  pulsations  distributions  in  the  boundary  layer  (Fio  dbl  are  in 
qualitative  agr^ent  with  the  profiles  of  external  distuibances  (Fig.4a),  amtraiy  to 
spanwise  distnbutions  obtained  at  M=3. 5  [4],  ^  ^  ^ 

After  the  discrete  Fourier  transform  of  the  Z  distributions,  the  transversal  wave  spectra 

Ifn  •  of  pulsations  in  the  free  rtream 

Md  m  \he  boundary  layer.  It  is  seen  that  the  maximum  of  pulsations  in  the  free  stream  is  at 

A  0,  the  mphtude  of  pulsations  decreases  rapidly  as  p  increases.  The  amplitude  of 
pulsations  in  fte  boundary  layer  at  fi<\  rad/mm  is  smaller  than  in  the  free  stream.  At 

p  rad  mm  the  pulsation  amplitude  in  the  boundaiy  layer  becomes  larger  (at  /=50  kHz) 
than  in  the  free  stream.  o  \  j  j 

Eeceptivity  CQefficients.  Since  the  amplitudes  of  controUed  disturbances  of  the  mass 
flow  m  the  experiments  were  veiy  small  (<0.04%),  the  process  of  receptivity  of  the 
boundaiy  Uyer  on  the  leading  edge  of  the  model  to  external  acoustic  disturbance  can  be 
assumed  linear.  The  receptivity  coefficient  were  determined  using  the  following 

formula:  fcis) ~ 

The  recepftvity  coefficients  calculated  are  shown  in  Fig.6  as  functions  of  the  wave 
inctaion  angle  x  Besides,  data  for  aU  experiments  are  shown  in  the  figure.  Receptivity 
calculated  for  both  positive  and  negative  x  (dashed  lines)  whereas  solid 
lines  indirate  averaged  coefficients  The  receptivity  coefficients  were  obtained  for  different 
values  of  the  streamwise  coordinate  X  in  the  boundaiy  layer;  therefore,  they  should  be 
Mmpared  taking  into  account  the  Imear  development  of  disturbances  in  the  boundary  layer. 
For  the  wave  mclination  angle  .jr=0°.  the  receptivity  coefficients  (X^.4840.65)  are  higher 
to  the  coeffic^ts  obtiuned  at  M=2  feO.25.0.35  [3].  Comparison  with  bigger  recepri^ty 
coefficients  (X-2.7+3)  obtained  m  [5]  at  M=6  shows  that  boundaiy  layer  is  more  sensitive 
to  acoustic  waves  with  small  inclination  angle  q>,  which  is  in  agreement  with  results  [8]. 
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When  increasing  Xy  the  coeflScients  slightly  decrease  down  to  feO, 38+0.57  for  ;^=35+48° 
and  then  increase  rapidly  up  to  fel.0+0.7  at  x=S5^0°.  This  result  agrees  with  [8]  where 
was  shown  that  incline  acoustic  waves  induce  biggest  excitation  of  boundary  layer.  Because 
of  small  amplitude  of  pulsations  at  high  fi  (see  Fig.  5)  the  error  of  determining  the  receptivity 
coefficients  becomes  large  already  at  ;^>60°. 

Conclusions.  Experimental  investigations  of  the  leading  edge  receptivity  of  a  boundary 
layer  on  a  flat  plate  to  controlled  acoustic  disturbances  with  fi-equencies  50  and  31.6  kHz 
(F~0. 19*10  and  0.30*10‘^,  respectively)  induced  by  point  source  of  disturbances  have  been 
performed  for  a  free  stream  Mach  number  \fe6.  A  field  of  the  free  stream  disturbances 
from  a  point  source  has  been  studied.  The  resultant  spatial  distributions  of  pulsations  were 
similar  to  the  results  of  measurements  taken  at  M=2  and  3.5.  It  was  shown  that  the 
propagating  di^rbances  follow  the  Mach  lines.  The  waves  with  inclination  angles  ^90® 
prevailed  in  enussion  of  a  point  source.  The  disturbances  excited  in  the  boundary  layer  have 
been  measured.  It  was  shown  that  disturbances  with  streamwise  phase  velocities  close  to 
Uins/L  were  excited.  The  maximum  resultant  receptivity  coefficients  have  been  obtained  for 
wave  inclination  angles  x  *60®. 

Acknowledgment  This  work  has  been  supported  by  CERT  ONERA,  contract 
n®l  1480/96  and  RFBR,  grant  98-01-00735. 

References 

1.  Ken^l  J.M.  Wind  tunnel  experiments  relating  to  supersonic  and  hypersonic  boundaiy-iayer  transition  // 
AIAA  J.  13,  N  3, 1975,  pp  290-299. 

2.  Maslov  A.  A.,  Kosinov  A.D.,  Shevelkov  S.G.  Development  of  spatial  wave  packets  in  the  supersonic 
boun^  layer  Preprint/  RAS  SB,  HAM  N  17-18, 1985,  Novosibirsk. 

3.  Scmionov  N.V.,  Kosinov  A.D.,  Maslov  A.  A,  Experimental  investigation  of  supersonic  boundary  layer 
receptivity  //  Proc.  of  colloquium  «Transitional  boundary  layer  in  aeronautics».  Noth-Holland 
Amsterdam,  1996,  pp.  413-420 

4.  Kosinov  A.D.,  K^lov  A.A.,  Semionov  N.V.  Modified  method  of  experimental  study  of  supersonic 
boundary  layer  receptivity//  Int.Conf.  on  the  Methods  of  Aerophys  Research:  Proc.Pt  3,  Novosibirsk, 

pp.  161-166. 

5.  Madov  A.A.,  Shiplyuk  AN.,  Sidorenko  A.  A.,  D.Amal  Leading  edge  receptivity  of  the  hypersonic 
bouiidary  layer  on  a  flat  plate.  Preprint/  RAS  SB,  HAM  N  1-98.  Novosibirsk.  1998. 

6.  Smits  A.J.,  Hayakawa  K.,  Muck  K.C.  Constant  temperature  hot-wire  anemometer  practice  in  supersonic 
flows  //  Experiments  in  fluids,  Vol.  1 , 1983,  pp.  83-92. 

7.  Kosinov  A.D.,  Semionov  N.V.,  Ermolaev  Yu.G.  Automated  measuring  method  of  noise  level  in  T-325 
t^  section  //  Int.Conf.  on  the  Methods  of  Aerophys  Research:  Proc.Pt  2,  Novosibirsk,  1996,  pp.  13 1-136. 

8.  Fedorov  A.V.,  Khohlov  A.P.  Supersonic  boundary  layer  receptivity  to  the  acoustic  disturbances  //  Izv 
Akad.  Nauk  USSR.  Zh.  Mech.  Zhidk.  G.  1,  1992,  pp.  40-47  (in  Russian). 

167 


A  NEW  TYPE  OF  HYPERSONIC  WIND  TUNNELS 
G.E.A.  Meier  and  M.  Rein 

DLR,  Institute  of  Fluid  Mechanics 
Bunsenstr.  10,  37073  Gottingen 


A  free  piston  driven  Ludwieg  tube  is  introduced  that  enables  the  simulation  of 
flows  of  high  Reynolds  and  Mach  numbers  at  high  stagnation  temperatures. 
The  test  time  is  longer  than  in  other  hypersonic  facilities  operating  under 
similar  test  conditions  as,  for  example,  in  shock  tunnels.  The  test  gas  is 
unsteadily  compressed  and  heated  thus  reducing  the  thermal  loads  to  the 
walls.  It  is  shown  that  the  free  piston  driven  shock  tunnel  HEG  of  the  DLR 
at  Gottingen  can  also  be  run  in  a  free  piston  driven  blowdown  tunnel  mode. 


1.  Introduction 

In  order  to  fully  duplicate  high  Reynolds  and  Mach  numbers  as  well  as  high  stagnation 
temperatures  that  are  characteristic  of  hypersonic  flights  in  the  atmosphere,  it  is  necessary 
to  develop  new  types  of  wind  tunnels.  At  ITAM,  for  example,  the  concept  of  adiabatic 
compression  by  using  pressure  multipliers  is  applied  at  the  facility  AT-303  that  is  presently 
under  development  (Kharitonov  et  al.,  1996).  Here,  we  will  describe  a  different  approach 
that  can  easily  be  implemented  in  existing  free  piston  driven  high  enthalpy  tunnels  such  as 
the  HEG  of  the  DLR  at  Gottingen.  In  this  manner,  hypersonic  flows  at  high  static  pressures, 
temperatures  and  densities  can  be  reproduced  during  a  relatively  long  test  time  as  compared 
with,  for  example,  shock  tunnels. 

At  Gottingen  the  idea  of  using  free  piston  driven  Ludwieg  tubes  was  proposed  several  years 
ago  (Meier  et  al.,  1991).  A  piston  is  used  to  unsteadily  compress  and  heat  the  gas  in  the 
charge  tube  of  the  Ludwieg  tube.  Because  of  the  short  unsteady  compression  only  the  gas  is 
heated  up  while  the  heat  transfer  to  the  tunnel  walls  remains  small.  In  the  following  we  will 
discuss  the  principles  of  a  piston  driven  Ludwieg  tube  for  the  example  of  a  geometry  as  being 
present  at  the  HEG  (cf.  Fig.  1).  The  charge  tube  of  the  Ludwieg  tube  is  formed  by  the  driven 
section  of  the  HEG.  Initially,  the  test  gas  fills  both,  the  compression  tube  and  the  driven 
section  of  the  HEG  that  are  no  longer  separated  by  a  diaphragm.  The  piston  is  accelerated 
into  the  driven  section  by  pressurized  air  behind  the  piston  as  usual,  compressing  the  test 
gas  ahead  of  the  piston.  In  this  manner  both,  high  pressures  and  temperatures  are  obtained 
thus  allowing  for  a  simulation  of  hypersonic  flows  with  high  stagnation  temperatures.  On 
principle,  such  flows  can  also  be  produced  with  the  HEG  being  run  in  its  shock  tunnel  mode. 
There,  the  test  time  of  about  ims,  however,  is  one  to  two  orders  of  magnitudes  smaller 
than  in  the  Ludwieg  tube  mode,  A  free  piston  driven  Ludwieg  tube  is,  hence,  also  well 
suited  for  scramjet  investigations. 
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impression charge*'*'’®  dump  tank 


piston 


The  two  operation  modes  of  the  HEG  are  compared  in  Fig.  2.  The  compression  tube  which 
also  contains  the  piston,  the  driven  and  charge  tube,  respectively,  and  the  nozzle  are  shown 
(for  more  details  see  McIntyre  ef  a/.,  1997).  One  diaphragm  is  always  located  directly  ahead 
of  the  nozzle.  In  the  shock  tunnel  mode  the  driver  and  driven  sections  are  separated  by 
another  diaphragm,  and  the  driver  and  test  gas  are  normally  different.  The  test  gas  is  finally 
compressed  and  heated  by  a  shock  wave.  In  the  Ludwieg  tube  mode  compression  and  driven 
tube  that  are  no  longer  separated  by  a  diaphragm,  are  both  filled  with  the  test  gas.  Here, 
the  test  gas  is  directly  compressed  by  the  piston  which  is  pushed  into  the  compression  tube 
by  pressurized  air.  The  acceleration  of  the  piston  needs  to  be  adjusted  so  that  the  piston 
will  stop  at  the  end  of  the  compression  tube.  The  strength  of  the  diaphragm  ahead  of  the 
nozzle  needs  to  be  chosen  accordingly  so  that  it  bursts  at  the  required  reservoir  pressure. 
The  maximum  test  time  is  given  by  the  travelling  time  of  expansion  waves  through  the 
charge  tube  as  usual. 


2.  Free  piston  driven  Ludwieg  tubes 


In  free  piston  driven  Ludwieg  tubes  the  test  gas  is  isentropically  compressed  by  a  piston.  (An 
entropy  production  by  weak  shock  waves  that  may  be  caused  by  the  steepening  of  waves  will 
be  neglected.)  The  total  duration  of  the  compression  phase  is  so  small  that  a  heat  transfer 
from  the  gas  to  the  tunnel  wall  will  also  be  neglected.  The  state  of  the  compressed  gas  is 
then  directly  given  by  its  initial  state  and  the  compression  ratio  a  which  is  defined  as 


a  = 


Vs 

Vc  +  V,  * 


Vs  and  Vc  are  the  volumes  of  the  charge  and  compression  tube,  respectively.  In  the  case 
of  the  HEG,  Vs  =  0.30m*  and  Vc  =  7.84m*,  thus  a  =  1 :  27.13  =  3.69  •  10“*.  The  length 
of  the  charge  tube  is  given  by  X5  =  17m.  On  principle,  the  ideal  test  time  is  given  by  the 
time  that  an  expansion  wave  needs  for  propagating  back  and  forth  through  the  charge  tube. 
Disturbances  caused  by  piston  motions  (spch  as  a  rebound)  and  the  finite  burst  time  of  the 
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shock  tunnel  mode 


Ludwieg  tube  mode 


Fig.  2:  Comparison  of  the  HEG  in  the  free  piston  driven  shock  tunnel  mode 
and  in  the  free  piston  driven  Ludwieg  tube  mode:  wave  diagrams  and 
facilities. 


diaphragm,  as  well  as  the  growth  of  the  boundary  layer  will  reduce  the  test  time  to  smaller 
values. 

In  the  following,  the  initial  state  of  the  test  gas  which  initially  fills  both,  the  compression 
and  charge  tube,  is  denoted  by  the  subscript  i.  At  the  end  of  the  compression  phase  the 
piston  sits  at  the  end  of  the  compression  tube  right  ahead  of  the  charge  tube  in  which  the 
state  now  equals  the  reservoir  state  (subscript  o)  of  the  succeeding  nozzle  expansion.  The 
test  conditions  at  the  nozzle  exit  are  denoted  by  subscript  e  (cf.  Fig.  1).  The  mass  of  the 
gas  is  not  changed  during  the  isentropic  compression.  Hence,  the  reservoir  state  (pressure 
p,  density  p  and  temperature  T)  is  given  by: 


where  7  is  the  ratio  of  the  specific  heats.  In  the  case  of  air  (7  =  7/5)  and  with  a  «  1 :  27 
this  yields  po  «  100  p^  and  To  «  3.7  T^,  Normally,  equals  the  ambient  temperature  while 
the  initial  pressure  can  be  chosen  within  wide  bounds.  Hence,  with  =  293JC  a  stagnation 
temperature  of  To  «  iioOiK’  is  obtained.  The  initial  pressure  needs  to  be  smaller  than  the 
pressure  pp  driving  the  piston.  At  the  HEG  the  maximum  value  of  the  driving  pressure  is 
given  by  (pp)max  «  22MPa.  If  we  assume  that  p^  <  O.lpp  in  order  to  accelerate  the  piston 
appropiately,  the  maximum  value  of  the  reservoir  pressure  is  given  by  (po)max  «  220MPa. 
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With  reservoir  conditions  as  cited  in  the  last  paragraph  the  nozzle  expansion  is  ideal  and, 
thus,  po/pe  =  or^VilVe-  The  static  pressure  in  the  test  section,  pc,  can  be  chosen  within 
certain  bounds  by  adjusting  the  initial  pressure  p^.  In  the  following,  the  pressure  ratio  po/pc 
is  assunned  to  be  given.  The  test  conditons  at  the  nozzle  exit  are  then  readily  obtained. 
In  Fig.  3  the  Mach  number  Me.  the  temperature  Tc  and  the  Reynolds  number  per  unit 
length,  Rem,  at  the  nozzle  exit  are  plotted  versus  the  pressure  ratio.  The  Reynolds  number 
per  unit  length  is  defined  by  Rem  =  tic/i'CTc)  where  Ue  denotes  the  flow  velocity  at  the 
nozzle  exit.  The  kinematic  viscosity  u  that  is  a  function  of  temperature,  has  been  fitted 
to  data  by  Schwier  (1984),  u(T)  =  1.824  •  lO-^m^/sK  T  +  1.775  •  lO-^m^/sK^ 
(lOOJfiT  <T  <  SSOK*).  The  diameter  of  the  nozzle  throat  should  not  be  bigger  than  about 
one  third  of  the  diameter  of  the  charge  tube.  At  the  HEG,  the  diameter  of  the  test  section 
is  then  0.25  -  0.35m  when  the  exit  Mach  number  lies  between  5-6. 

In  Fig.  3  the  dependence  on  the  pressure  ratio  of  Me,  Te  and  Rem  has  been  plotted 
for  different  initial  temperatures  of  the  test  gas  (air,  7  =  7/5).  This  corresponds  with 
different  stagnation  temperatures  (To  =  In  order  to  increase  the  stagnation 

temperature  the  test  gas  needs  to  be  preheated  before  the  compression  starts.  The  stagna¬ 
tion  temperature  also  defines  the  ideal  test  time  since  the  sound  speed  is  a  function  only  of 
the  temperature.  Under  conditions  of  the  HEG  the  ideal  test  time  lies  within  30  -  50m5. 
The  stagnation  temperature  not  only  increases  with  the  initial  temperature  but  also  with 
the  compression  ratio  a.  An  increase  in  the  compression  ratio  can  be  achieved  by  reducing 
the  radius  of  the  charge  tube,  e.g.,  by  inserting  a  liner.  A  radius  reduction  of  20%  results 
in  a  =  1 :  40.  The  temperature  increase  comes  along  with  a  higher  density,  but  occurs  at 
the  expense  of  a  decreasing  Reynolds  number  as  can  be  seen  in  Fig.  3  where  the  Reynolds 
number  per  unit  length  decreases  with  increasing  initial  temperature,  i.e.,  with  increasing 
stagnation  temperature.  Here,  Rem  is  of  the  order  of  10®  l/m. 

A  main  difference  between  the  shock  tunnel  and  Ludwieg  tube  mode  is  the  much  higher 
initial  pressure  of  the  gas  ahead  of  the  piston  in  the  latter  case.  This  is  due  to  the  much 
higher  pressures  desired  in  the  test  section.  We  have  simulated  the  piston  path  using  the 
program  PaCT  developed  at  DLR  (McIntyre  and  Atcitty,  1991).  The  program  is  based 
on  the  classical  approach  of  Hornung  (1988).  A  chocking  of  the  flow  at  the  transition 
between  compression  and  charge  tube  where  a  change  in  the  cross  sectional  area  occurs, 
has  not  yet  been  considered.  In  our  example  the  initial  state  is  given  by  =  l.SSMPa, 
Ti  =  SOOiC  and  7  =  7/5.  The  strength  of  the  diaphragm  has  been  chosen  so  that  it  bursts 
at  p  =  iSOMPa.  In  order  to  accelerate  the  piston  so  that  it  actually  reaches  the  end  of 
the  compression  tube  and  does  not  stop  ahead  of  it,  a  piston  of  a  high  mass  needs  to  be 
chosen.  With  the  driving  pressure  behind  the  piston  being  pp  =  22MPa  it  turned  out  that 
a  piston  mass  of  about  trip  «  2200%  is  required.  This  is  about  three  times  the  mass  of 
the  most  heavy  piston  in  use  at  the  HEG  shock  tunnel.  The  maximum  piston  velocity  was 
about  200m/5  which  is  well  within  the  range  normally  observed  at  HEG.  However,  due  to 
the  high  mass  of  the  piston  and  the  slow  pressure  reduction  ahead  of  it,  a  strong  rebound 
can  occur.  In  order  to  avoid  the  rebound  the  piston  needs  to  be  stopped  at  its  return  point. 
This  is  already  performed,  e.g.,  at  T5,  Galcit  (Hornung  and  Belanger,  1990). 
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Re„  [1/m] 


Fig.  3:  Conditions  in  the  test  section  as  a  function  of  the  ratio  between  the 
reservoir  and  exit  pressure,  po/Pc.  at  different  initial  temperatures 
(a)  Mach  number,  (b)  temperature,  (c)  Reynolds  number  per  unit  length. 
The  test  gas  is  air.  (Solid  line:  =  293K,  dotted  line:  =  393iC, 

short-dashed  line:  =  493JC,  long-dashed  line:  =  693JK',  dash- 

dotted  line:  =  693iif ) 
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3.  Conclusions 


We  have  shown  that  a  free  piston  driven  Ludwieg  tube  is  a  usefull  means  of  producing 
hypersonic  flows  of  high  static  pressures,  stagnation  temperatures  and  Reynolds  numbers. 
In  particular,  the  Reynolds  number  is  of  the  order  of  Rem  =  O(i0®  l/m).  Static  pressures 
of  up  to  O.lMPa  can  be  obtained  in  the  test  section.  The  stagnation  temperature  (To  » 
llOOliC)  characteristic  of  the  HEG  geometry  can  be  increased  either  by  preheating  the  test 
gas  prior  to  its  compression  or  by  reducing  the  diameter  of  the  charge  tube.  In  the  latter  case, 
however,  the  diameter  of  the  test  section  (which  is  normally  in  the  range  of  0.25-0.35m  for 
M  =  5  -  6)  will  also  be  reduced.  In  the  ideal  case  the  test  time  is  30  -  SOms.  Free  piston 
driven  shock  tunnels  such  as  the  HEG  can  be  remodelled  into  free  piston  driven  Ludwieg 
tubes  thus  increasing  the  test  time  appreciably.  In  this  manner,  for  example,  scramjet 
investigations  become  feasible. 
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INTRODUCTION 

A  Reynolds  analogy  is  wide  used  for  problems  of  heat  and  mass  transfer,  from  which  follows 
that  equations  of  motion,  energy  and  diffusion  are  brought  to  an  identical  form  at  Pr=Sc=l.  The 
use  of  similarity  hypothesises  as  well  as  simplifications  connected  with  distribution  of  transfer 
coefficients  in  a  flow  require  justification  both  for  laminar  and  for  turbulent  flows. 

To  calculate  the  turbulent  flows  in  many  cases  a  molecular  heat  conductivity  and  molecular 
diffusion  are  considered  eis  negligible  quantities  in  a  comparison  with  a  turbulent  transfer  [1].  An 
assumption  that  Pr=Sc=l  is  used  even  in  some  problems  to  calculate  laminar  flows  with  the  heat 
and  mass  transfer,  for  example,  in  [2]  for  a  modeling  of  a  flow  with  combustion.  Calculations  in 
simplified  mathematical  statement  require  less  of  a  time  and  bring  into  a  satisfactory  agreement 
with  experimental  data  in  many  cases. 

On  the  other  hand,  diffusion  coefficients  of  individual  substances  can  differ  from  each  other 
several  times  in  multicomponent  media  (for  comparison,  Schmidt  numbers  in  dilute  mixtures 
with  air  of  hydrogen  and  ethanol  are  0,2  and  1,3  respectively).  The  Prandtl  number  depending 
weakly  on  a  temperature  can  depend  on  a  composition  (for  mixture  of  hydrogen  and  air  the 
Prandtl  number  varies  from  0,7  to  0,45  versus  a  hydrogen  concentration).  A  distinction  of  the  Le 
number  from  unity  can  influence  essentially  on  calculating  results.  For  example,  in  [3]  calculating 
combustion  a  considerable  influence  of  the  Lewis  number  on  a  flame  temperature  is  marked. 

Therefore  the  problem  on  admissibility  of  the  use  of  the  approximation  Pr=Sc=l  should  be 
solved  for  each  case  individually.  In  previous  studies  the  authors  of  the  work  have  considered  the 
problem  of  burning  of  ethanol,  evaporating  from  plate  into  a  turbulent  boundary  layer  of  air.  In 
[4]  Lewis  numbers  are  taken  to  be  equal  to  unity  for  calculation  of  the  turbulent  boundary  layer. 
Such  an  assumption  should  not  exert  profound  influence  on  results,  if  molecular  transfer 
coefficients  are  negligibly  small  in  a  comparison  with  turbulent  ones.  However  an  influence  of  a 
dissimilarity  of  heat  and  mass  transfer  processes  for  the  laminar  boundary  layer  should  be  more 
significant  than  for  the  turbulent  one,  because  for  many  substances  laminar  Lewis  numbers  differ 
from  unity  greater  than  turbulent  ones. 

Apart  from  the  problem  on  acceptability  of  the  use  of  a  triple  Reynolds  analogy  at  modeling  of 
multicomponent  mixture  flows,  studies  on  a  similarity  of  physical  processes  of  the  heat  and  mass 
transfer  under  actual  conditions  are  of  interest.  The  similarity  of  physical  processes  of  the  heat 
and  mass  transfer  is  wide  used,  for  example,  for  experimental  determination  of  convective  heat 
transfer  coefficients,  in  studies  of  an  efficiency  of  film  cooling  and  etc.  [5].  In  these  cases  the  heat 

and  mass  transfer  coefficients  are  related  :  St/,  =  St ,/(Le)“",  where  n  is  the  empirical 
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constant  depending  on  a  surface  geometry  and  flow  characteristics.  Processes  of  the  heat  and 
mass  transfer  are  interrelated  in  flows  of  a  boundary  layer  type  with  evaporation  or  injection  of  a 
foreign  substance  from  a  porous  plate.  In  this  case  a  heat  flux  is  determined  not  only  by  a  heat 
conduction,  but  a  diffusion  of  the  foreign  substance  as  well  [6].  Therefore  in  this  work  apart  from 
the  problem  on  admissibility  of  the  use  of  the  approximation  Pr=Sc=l,  the  problem  on  similarity 
of  the  heat  and  mass  transfer  (Le=l)  is  being  studied. 

MATHEMATICAL  STATEMENT  OF  THE  PROBLEM 
AND  THE  METHOD  OF  SOLUTION 


The  turbulence  k-z  model  considering  the  laminarization  effects  [7]  was  used  in  this  work. 
The  equation  for  each  variable:  the  longitudinal  velocity  u,  enthalpy  of  the  mixture  h,  mass 
components'  concentrations  c,,  kinetic  energy  of  turbulence  k,  and  z  (dissipation  rate  of 
turbulence)  can  be  presented  in  the  generalized  form: 


^pu0)  ^pv0)  d  (  d0^ 


+  S0 


(1) 


Values  0,  diffusion  coefficients  and  source  terms  Sfp  are  presented  in  tab.  1 , 


Table  1.  Values  of  diffusion  coefficients  and  source  terms  in  eg.  (1). 
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p!  Sci+  Pf  /  SCf 
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Here 

jLif  -  pc —  -  turbulent  viscosity, 

C;=l,44,  C2=1,92,  C^=0,09,  0-^=1, 3,  -  turbulence  model  constants, 


/i=1  +  (0,05//^)3,  /2=l-exp(-J?,2) 
exp(-0,0165Jf2,  ))^(1  +  20,5  /  R, ) 

R,  =k^  /  ve,  Ry  =  -Jky  /  v 

where  y  -  distance  from  the  wall,  index  t  means  turbulent  value,  p  and  p  are  density  and 
molecular  viscosity  respectively,  R(  and  Ry  are  turbulent  Reynolds  numbers.  The  viscosity  of  the 

mixture  was  determined  according  to  Wilke’s  formula  [6]  which  is  widely  used  in  practical 
calculations. 

The  system  of  equations  (1)  is  added  by  the  state  equation  for  ideal  gas: 

P 

P- 

RT'Lci  /  Mi 
/=! 

where  A//  is  the  molecular  mass  of  the  i-species.  This  system  is  also  added  by  supplementary 
thermodynamic  ratios  which  connects  the  enthalpy  of  each  component  with  its  temperature: 

N  T 

h  =  l.hiCi,  hi  =  J  Cpi(T)dT  +  hoi, 

'=>  To 


hoi  is  the  enthalpy  of  the  i-species  formation  at  temperature  Tq. 

The  boundary  conditions 

The  temperature,  velocity,  and  composition  of  the  main  stream  were  assigned  at  the  entrance  to 
the  calculated  area.  Air  flow  at  the  temperature  of  300  K  was  calculated.  Velocity  of  main  flow  - 
=  10  m/s.  The  temperature  and  composition  were  assigned  for  the  injected  substance  before  the 
injection  into  a  porous  wall.  The  mass  flow  rate  on  the  wall  for  evaporation  was  determined 
according  to  the  condition 


(K-hr 


where  h'  is  the  enthalpy  of  the  injected  gas,  is  the  enthalpy  of  the  mixture  on  a  wall,  is  the 
total  heat  flux.  Index  w  means  the  near  wall  value,  index  0  means  the  value  in  main  stream.  In  a 
case  of  blowing  on  a  wall  the  constant  mass  flow  rate  =  (pv)^  =  (pu)q  -10^  was  set. 

Temperature  on  a  porous  wall  in  case  of  evaporation  was  determined  under  the  Antoine’s 
formula  on  concentration  of  evaporating  substance  in  the  assumption  of  phase  equilibrium 
between  vapor  and  liquids  [8].  For  injection  the  enthalpy  and  temperature  at  the  wall  were 
calculated  from  the  condition  of  the  heat  equilibrium  balance 
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The  mass  concentration  of  each  component  of  mixture  was  determined  from  the  condition  of  the 
substance's  balance  on  the  wall: 


=  c,’+ 


J^Sci  \  ^ 


The  equation  system  (1)  was  solved  by  means  of  the  control  volume  method  [9].  In  a  non- 
uniform  grid  amount  of  cells  in  a  direction  x  and  y  was  equal  to  40.  It  is  necessary  to  tell,  that 
when  the  grid  22  on  22  was  used,  the  results  differed  insignificantly. 

RESULTS 

For  investigations  three  substances  -  ethanol,  water  and  hydrogen  were  chosen.  At  evaporation 
or  weak  blowing  the  concentrations  of  injected  gas  in  air  are  small  and  it  is  possible  to  consider 
Prandtl  number  to  be  constant,  and  for  air  it  is  equal  0,73.  The  Schmidt  numbers  for  diffusion  of 
ethanol,  water  or  hydrogen  in  air  are  equal  accordingly  1,3  and  0,6  and  0,22  and  they  can  be 
considered  to  be  constant  too.  The  appropriate  Lewis  numbers  (Le^Pr/Sc)  of  these  substances  are 
placed  in  tab.  2. 

Table  2.  Lewis  numbers  of  substances. 

H2  S[0  C2H5OH 


For  flows  with  injection  of  ethanol,  water  and  hydrogen  with  the  help  of  the  above  mentioned 
equations  (1)  in  numerical  predictions  were  received  fields  of  velocity,  temperature  and 
concentrations,  that  has  allowed  to  calculate  heat  and  mass  transfer  coefficients  determined  as 
follows: 


(--1 

StA= - .  st^=  =  , 


Here  heat  flux  is  determined  as  follows: 


Ipr  4-  Pr  T'  4- 


In  a  case  Le  =  1  the  heat  flux  is  determined  by  enthalpy  gradient  only.  In  flows  with  evaporation 
of  substance  the  diffusive  part  of  a  heat  flux  is  very  important.  On  fig.l  it  is  shown,  that  the 


relation  of  heat  fluxes  in  a  case  Le  =  1  and  1^1,  received  in  predictions,  depends  on  Lewis’s 
number:  the  more  Le  number  differs  from  unit,  the  more  their  values  differ.  In  turbulent  flows 
this  difference  is  less  significant. 


Fig.  1.  The  ratio  of  heat  fluxes  in  dependence  on  Le  number, 
open  circles  -  laminar  flow,  dark  circles  -  turbulent  flow. 


Under  the  conditions,  realized  in  predictions,  processes  of  heat  mass  transfer  are 
interconnected,  therefore  it  is  interesting  to  define  the  relation  of  heat  mass  transfer  coefficients 
at  various  Lewis’s  numbers.  On  fig.2  is  shown,  that  their  relation  is  close  to  unit  in  the  large 
range  of  changes  of  Le  numbers. 


0  1  2  Le  3  ♦ 

Fig.2.  The  relation  of  heat  transfer  coefficients  and  mass  transfer  coefficients  in 
dependence  on  Le  number. 

In  a  fig.  3  the  comparison  of  predicted  results  at  Le:!^!  with  experimental  data  [10]  on  heat 
transfer  coefficients  is  given.  Conditions,  at  which  the  experiment  was  carried  out,  are  as  follows: 
u  =  20m/s,  Tq  =  300  K,  Tuq  =  2%.  The  standard  dependence  gives  overestimate  of  heat  transfer 
coefficients  approximately  on  20%. 
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Fig.  3.  Heat  transfer  coefficients  in  comparison  with  experimental  data 
and  standard  distribution  in  a  turbulent  boundary  layer. 

CONCLUSION 

Thus,  at  research  of  heat  mass  transfer  processes  in  a  boundary  layer,  when  the  heat  flux 
except  for  heat  conductivity,  is  determined  also  by  diffusion  of  substances,  use  of  Reynolds’s 
analogy  (Pr=Sc=l)  can  result  in  significant  errors  in  definition  of  heat  flux  values.  However 
coefficients  of  heat  and  mass  transfer  are  interconnected  also  their  relation  close  to  unit.  It  means 
that  diffusive  part  of  heat  flux  plays  the  determining  role  in  heat  transfer  at  the  investigated  level 
of  substance  injection. 

The  work  is  executed  at  support  of  the  Russian  fimd  of  fimdamental  researches  (code  of  the 
project  97-02-18520). 


•  -  experimental  data 

-  -  prediction 


-  St=0.0288R§‘'°-^’Pr^'°'®^ 


I  . .  i  ■ _ L 


REFERENCES 

1.  Hutchinson,  P.,  Khalil,  E.E.,  Whitelaw,  J.H.,  Wigley,  G.  The  Calculation  of  Fumace-flow  Properties  and  Their 
Experimental  Verification  //  Trans,  of  the  ASME,  J.  of  Heat  Transfer  -  1976,  V,  98.  P.  276-283. 

2.  Kono,  M.,  Tsukamoto,  T.,  linuma,  K.  Numerical  Simulation  of  Laminar  Flame  Propagation  in  Constant  Volume 
Vessels  //  Laser  Diagnostics  and  Modeling  of  Combustion.  -  Berlin  :  Springer- Verlag,  1987.  P.319-328. 

3.  Katta  V.R.,  Goss  L.P.,  Roquemore  W.M.  Effect  of  Nonunity  Lewis  Number  and  Finite-Rate  Chemistiy  on  the 
Dynamics  of  a  Hydrogen- Air  Jet  Diffusion  Flame  //  Combustion  and  Flame.  -  1994.  V.  96.  P.  60-74. 

4.  Volchkov  E.P.,  Dvornikov  N.A.,  Perepechko  L.N.  Comparison  of  various  methods  of  modeling  turbulent 
combustion  in  a  boundary  layer  //  Combustion,  Explosion  and  Shock  Waves.  -  1996.  V.32,  N  4,  P.  340-344. 

5.  Sun  Y.,  Gartshore  I.S.,  Salcudean  M.E.  An  Experimental  Investigation  of  Film  Cooling  Heat  Transfer  Coefficients 
Using  the  Mass/Heat  Analogy  //  Journal  of  Heat  Transfer.  -  1995.  V.  1 17.  P.  851-858. 

6.  Lyapin  Yu.V.  and  Streletz  M.Kh.  The  internal  flow  of  gas  mixtures.  -  Moscow:  Nauka,  1989. 

7.  Lam  C.K.G.,  Bremhorst  K.A.  Modified  form  of  the  (k-E)-model  predicting  wall  turbulence//  J.Fluids  Eng.  - 1981. 
V.103.  P.456-460. 

8.  Reid  R.C.,  Prausnitz  J.M.,  Sherwood  T.K.  The  Properties  of  Gases  and  Liquids.  -  McGraw-Hill  Book  Company, 
1978. 

9.  Patancar,  S.  Numerical  Heat  Transfer  and  Fluid  Flow.  -  New  York  :  Hemisphere  Publishing  Corporation,  1980. 

10.  Boyarshinov  B.F.  Heat  mass  transfer  in  a  boundary  layer  with  evaporation  and  combustion  of  ethanol:  Ph.D. 
Thesis.  -  Novosibirsk:  Institute  of  Thermophysics,  1988. 


179 


THE  VON  NEUMANN  CRITERION  AND  THE  CONDITIONS  FOR  ITS 
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INTRODUCTION 

The  Fourier  method  is  the  most  popular  practical  method  for  stability  investigation  of 
difference  schemes  in  quadratic  norm.  It  is  known  that  a  widely  accepted  von  Neumann 
criterion  is  only  a  necessary  condition  and  does  not  ensure  the  difference  scheme  stability. 
The  available  sufficient  stability  criteria  of  difference  schemes  [1,2]  use  the  estimates  of 
the  norms  of  the  amplification  matrix  C  of  difference  scheme.  On  the  other  hand,  it  is 
well  known  that  the  finite  powers  of  a  matrix  can  have  the  properties,  which  the  original 
matrix  does  not  possess.  We  prove  in  the  present  paper  three  new  sufficient  stability 
criteria  of  difference  schemes  in  quadratic  norm,  which  use  the  properties  of  the  finite 
powers  of  the  amplification  matrix  G.  An  investigation  of  the  satisfaction  of  the  obtained 
stability  criteria  for  a  number  of  well-known  difference  schemes  for  the  numerical  solution 
of  aerohydrodynamics  problems  is  carried  out. 

BASIC  RESULTS 

It  is  known  that  the  von  Neumann  criterion  [1,2]  is  the  necessary  stability  condition 
of  a  difference  scheme: 

max|A,(K,^|  <  1  +  0(r),  (1) 

where  r  is  the  time  step,  f  J  •  h  is  the  wave  vector,  k  =  (^ri, . . . ,  Itl)  are  the  real 
wavenumbers,  L  >  1  is  the  number  of  spatial  variables,  h  —  (ki, . . . ,  hi),  hj  is  a  step  of  a 
uniform  rectangular  grid  along  the  spatial  coordinate  Xj,  j  =  1, . . . , L;  ic  =  (ki,  . . . , /cjv/), 
where  Km,  m  =  1,. . . ,  Jkf  (Af  >1)  are  the  nondimensional  similarity  parameters  in  the 
space  _of  the  variation  of  which  the  stability  region  of  a  difference  scheme  is  determined; 

are  the  eigenvalues  of  the  amplification  matrix  G,  which  is  the  Fourier  transfor¬ 
mation  of  the  step  operator  S  entering  the  difference  scheme  =  Su^  (n  is  the  number 
of  time  level,  n  =  0, 1,2, is  the  difference  solution  vector). 

It  is  also  well  known  that  the  von  Neumann  condition  yields  not  only  a  necessary 
but  also  sufficient  stability  criterion  of  scheme  if  the  amplification  matrix  G  is  a  normal 
matrix  (or,  which  is  the  same,  the  step  operator  5  is  a  normal  operator): 

G^G  =  GG*  {S*S  =  SS*). 

The  following  equality  is  valid  for  a  normal  matrix: 

II  G{k,  ()  11=  m^x  I A,(;c,  f)|.  (2) 

Since 
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II  S  11=  II  ||=max|Ai(;c,^|, 

the  condition  (1)  ensures  the  difference  scheme  stability. 

A  more  general  condition  for  the  sufficiency  of  the  von  Neumann  criterion  Wcis  obtained 
ill  the  work  [3],  It  was  proved  that  the  voii  Neumann  criterion  is  sufficient  for  the  stability 
of  difference  scheme  if  some  finite  power  of  the  matrix  G  is  a  normal  matrix.  The  basic 
result  of  the  work  [3]  is  the  following  theorem: 

Theorem  1  [3].  Let  the  following  conditions  be  satisfied. 

1.  The  estimate 

II  ||<||  .9"-^  II 

takes  place  for  the  norm  of  the  transition  operator  Cn,k  of  a  difference  scheme,  where  S 
is  some  majorant  step  operator  with  constant  coefficients. 

2.  The  operator  S  is  uniformly  bounded  at  a  sufficiently  small  time  step  r: 

II.S'll^Mi  0<T<r. 

3.  For  the  Fourier  transformation  of  the  operator  S  there  exists  certain  integer 

N  >  I  such  that  is  a  normal  matrix. 

Then  the  von  Neumann  condition  for  the  matrix  (7(k,^)  is  a  necessary  and  sufficient 
stability  condition  of  difference  scheme. 

Proof.  Consider  the  stability  definition  of  difference  scheme  [4].  The  difference  scheme 
is  called  stable  if  there  is  such  a  number  M(t)  >  0  that 

l|C„,ni<M(i)  (3) 

for  all  0  <  <  n  —  1  and  nr  <  /.  It  follows  from  condition  1  and  inequality  (3)  that  the 

difference  scheme  will  be  stable  if  the  inequality 

II  5"-*  ||<  M  (4) 

is  satisfied  for  all  n  and  0  <  fc  <  n  —  1. 

Denote  by  the  eigenvalues  of  the  matrix  It  is  well  known  that 

=  (5) 

where  A,  are  the  eigenvalues  of  the  matrix  G.  Let  the  von  Neumann  condition  be  satisfied: 

max|Ai(K,|)|  <  1  (6) 

c* 

(the  proof  can  easily  be  extended  for  the  case  where  0(r)  0  in  the  condition  (1)).  Then 

the  following  estimate  is  valid: 

II  11=  max  II  ||=max|Ci(K,|)|  =  max  |Ai(re,|^|''  <  1.  (7) 

Consider  ||  S'^~^  ||.  It  is  easy  to  prove  that 

II  9"-*  ||<||  9^^+«  ||<||  9^  ril  9  ||*<||  9  ||‘,  (8) 
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where  p  =  [2^]  and  S  =  {n  —  k)  —  It  is  easy  to  show  that 

II  ir<  (9) 

where  Af2  =  max{l,  ||  S  It  follows  from  condition  2  that  M2  is  uniformly  bounded: 

M2  <max{lyM^''^},  (10) 


It  follows  from  inequalities  (8)-(10)  that  the  condition  (4)  is  satisfied.  Hence  the  difference 
scheme  is  stable.  The  theorem  is  proved. 

Example  1.  A  two-cycle  MacCormack  scheme  was  considered  in  [3]  for  the  two^ 
dimensional  convection  equation 


dn  du  du 


=  0, 


where  A  and  B  are  the  scalar  constants.  It  was  shown  that  the  two-cycle  MacCormack 
scheme  satisfies  the  conditions  of  Theorem  1  at  AT  =  2.  That  is  the  squared  amplification 
matrix  is  a  normal  matrix.  Therefore,  the  von  Neumemn  condition  is  a  sufficient  condition, 
and  the  scheme  is  stable  in  the  overall  region  of  the  parameters  =  Ar/Aj,  «2  =  /?t/A2 
found  in  [5]. 

It  turns  out  that  there  exist  fairly  many  difference  schemes  whose  amplification  matrix 
is  a  normal  operator. 

Theorem  2.  Let  the  following  conditions  be  satisfied. 

1.  Th*  estimate 

II  a, 1 1|<||  5"-‘  II 

takes  place  for  the  norm  of  the  transition  operator  Cn,k  of  difference  scheme,  where  S  is 
some  majorant  step  operator  with  constant  coefficients, 

2.  At  sufficiently  small  values  of  the  time  step  r  the  operator  5  is  uniformly  bounded. 


II  ^  ||<  Mi  at  0  <  T  <  f. 

3.  For  the  Fourier  transformation  C7(k,^  of  the  operator  S  there  exists  a  positive 
integer  N  >\  such  that  is  a  diagonalizable  matrix. 

Then  the  von  Neumann  condition  for  the  amplification  matrix  ^  is  the  necessary 
and  sufficient  condition  for  the  stability  of  difference  scheme. 

The  proof  of  this  theorem  is  similar  to  a  large  extent  to  the  proof  of  Theorem  1. 

Now  consider  the  difference  schemes  for  which  it  is  impossible  to  find  an  integer  >  0 
such  that  is  a  normal  matrix.  It  turns  out  that  the  stability  condition  for  such  schemes 
may  be  formulated  in  a  form  similar  to  the  fon  Neumann  criterion  but  under  a  more  severe 
constraint  for  the  eigenvalues  of  the  amplification  matrix. 

Theorem  3.  Let  the  following  conditions  be  satisfied. 

1.  The  estimate 

II  ||<||  5’-‘  II 

is  valid  for  the  norm  of  the  transition  operator  of  difference  scheme,  where  S  is  some 
majorant  step  operator  with  constant  coefficients. 
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2.  The  operator  S  is  uniformly  bounded  at  a  sufficiently  small  time  step  r: 

||.9||<Mi  at  0<r<f. 

3.  All  the  eigenvalues  of  the  Fourier  transformation  of  the  operator  S  are  strictly  less 
that  unity  in  their  moduli  at  any  f  in  some  region  D  of  /c  points: 

max  |A,(/g,^1  <1,  k  £  D, 

Ci 

Then  the  difference  scheme  is  stable  in  D. 

Proof.  According  to  condition  1,  |1  Cn,k  ||<ll  ||.  Therefore,  as  in  the  proof  of 

Theorem  1,  one  must  prove  that  the  condition  (4)  is  satisfied. 

Consider  the  amplification  matrix  C(k,  ^  and  make  use  of  the  theorem  on  a  spectral 
decomposition  of  an  operator  [6]  and  the  theorem  on  the  Jordan  form  of  a  matrix.  It 
follows  from  these  theorems  that  there  exists  a  similarity  transformation  which 

transforms  the  matrix  G(«,  ^  to  the  Jordan  form: 

V(S,()G(K,(}V(g,i)-'  =  T(S,()  +  (11) 

where  T(K,f)  is  a  diagonal  matrix,  and  P(k,()  is  a  nilpotent  matrix.  The  matrix  T(k,() 
diagonal  is  occupied  by  the  eigenvalues  of  the  matrix  G  (each  eigenvalue  Aj  is  repeated 
mi  times,  where  m;  is  the  multiplicity  of  A,*).  We  note  the  fact  that  the  matrices  T(ic,() 
and  commute.  This  property  of  transformation  (11)  plays  a  significant  role  in  our 

proof. 

Tt  is  well  known  that  the  columns  of  the  transformation  matrix  V’(/c,D  are  the  gener¬ 
alized  eigenvectors  of  the  amplification  matrix  G(fc,  Therefore,  it  is  always  possible  to 
choose  G(a,  ^  in  such  a  way  that  the  estimates 

||V(ic,^^|l<C,  and  II  Il<  C,  (12) 

will  be  valid  uniformly  in  Since  the  diagonal  matrix  T(k,  is  a  normal  operator,  then 

II  r(ic,D  l|=max|Ai(K,^|. 

Therefore,  the  estimate 

max  II  T(ic, ?)||<1.  (13) 

follows  from  condition  3.  Consider  the  quantity  max^  ||  D(k,()  ||.  We  obtain  with  regard 
for  formulas  (11),(12),(13)  and  condition  2: 

max||Z)(«,|)l|  <  max[||r(«,D||  +  ||F(ic,ail||G(«,ail||V-‘(ic,4)||] 

(  ( 

<  1  +  =  M2.  (14) 

Introduce  the  notation  p  =  n  ^  k  and  consider  the  quantity 

||5^||=max||G^(«,ai|.  (15) 
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In  order  to  prove  the  theorem  one  must  show  that  the  right-hand  side  of  equality  (15)  is 
uniformly  bounded  at  any  p. 

max  II  CP’(k,()  11=  max  ||  II 

<  C?max  II  11=  C?max  ||  (T(k,^  +  D{K,^y  || .  (16) 

For  further  estimations  we  take  into  account  the  fact  that  D  is  a  nilpotent  operator.  That 
is  D*  =  0  at  certain  natural  1  <  /  <  where  N  is  the  dimension  of  the  amplification 
matrix  G.  In  addition,  we  use  the  commutativity  of  the  operators  T  and  D.  Then  at 
sufficiently  large  values  of  p  (p  >  TV)  we  obtain  that 


II  {t  +  dy  11= 


N-l 


=  p^"l 


<  p^-'  II  T  11'’-'^+' 


m=0 


rpp-N+1 
N-l 


Lm=rO 


II  ^  ir''‘’"ii  ^  ir 


Lm=0^ 


.(17) 


where  (J^)  are  the  binomial  coefficients.  Introduce  the  notation 


max  II  T(k,^  11=  A  (18) 

« 

and  take  the  inequalities  (13), (14)  into  account.  Then  the  substitution  of  inequality  (17) 
in  formula  (16)  yields 


max  II  (?’(«, f)  ||< 


(19) 


It  is  easy  to  see  that  the  expression  in  the  square  brackets  is  uniformly  bounded  at  any 
p  >  TV.  Therefore, 

max  II  (F{n,i)  ||<  (20) 

Since  A  <  1  then  at  p  — ►  oo  the  right-hand  side  of  inequality  (20)  tends  to  zero.  Therefore, 
the  quantity  on  the  left-hand  side  of  inequality  (20)  is  uniformly  bounded  at  all  p  >  TV. 
It  is  easy  to  prove  the  boundedness  of  this  quantity  at  p  <  TV  by  using  condition  2  of  the 
theorem.  Summarizing  the  above  we  obtain  that 


II  C'n.fc  ||<||  5"-*  11=  max  II  ||<  M,  (21) 

at  any  n  and  0  <  /?  <  n  -  1.  Hence  the  difference  scheme  is  stable.  The  theorem  is 
proved. 

Consider  a  difference  in ‘the  stability  character  of  a  difference  scheme  satisfying  the 
conditions  of  Theorems  1  or  2  and  a  difference  scheme  for  which  the  conditions  of  Theo¬ 
rems  1  or  2  are  not  satisfied,  but  the  conditions  of  Theorem  3  are  satisfied.  Denote  by  Aq 
a  closed  region  in  the  space  of  the  parameters  («!, . . . ,  /c^f),  for  which  the  von  Neumann 
criterion  is  satisfied: 

max|A,(«,^|  <  1  at  «  €  Aq. 
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Let  the  conditions  of  Theorems  1  or  2  be  satisfied  for  a  difference  scheme.  Then  the  dif¬ 
ference  scheme  is  stable  in  the  overall  region  Aq,  including  its  boundary  F.  The  transition 
operator  is  uniformly  bounded  for  all  k  6  Aq. 

If  the  conditions  of  Theorems  1  and  2  are  not  satisfied,  but  the  conditions  of  Theorem 
3  are  satisfied  then  the  difference  scheme  is  stable  in  any  internal  subregion  Ai  of  region 
Ao,  which  does  not  contain  its  boundary  F:  Ai  C  Ao\F.  In  this  c^e,  the  stability  is 
generally  nonuniform.  As  the  boundary  F  is  approached  the  quantity  A  in  inequality  (20) 
tends  to  unity,  and  the  norm  of  the  transition  operator  can  increase  imboundedly. 

Example  2.  Approximate  the  wave  equation  Utt  =  where  =  const  >  0,  by  the 
scheme  [1] 


/2 /2. 
—  c  »  » 


^^"-1/2  -  ^j-1/2 


=  c 


n+1 

li _ _ 


(22) 


Here  w  =  cu^,  v  =  Ut-  Introducing  the  vector  U  —  (u" we  obtain  the  amplification 
matrix  G  in  the  form  [1] 

where  a  =  2/csin(fi/2),  «  =  cr/h.  Consider  at  first  the  case  where  |A,|  <  1.  Then  it  is 
easy  to  find  the  matrix  V,  which  diagonalizes  the  matrix  G,  so  that  one  can  set  Z)  =  0 
in  the  Jordan  representation  (11).  It  then  follows  from  Theorem  2  that  scheme  (22)  is 
stable  under  the  satisfaction  of  the  inequalities  |Ai,2|  <  1  from  which  the  inequality  k  <  I 
follows. 

At  /c  =  1,  =  TT  we  have  that 

%)■ 

and  VGV~^  =  T  -1-  Z),  where 

'^=(2°  -'2)-  -1)’  ^=(S  i)- 

It  follows  from  (24)  that  |Ai,2|  =  1,  that  is  condition  3  of  Theorem  3  is  violated.  Thus, 
the  sufficient  stability  condition  of  scheme  (22)  has  the  form  crjh  <  1. 
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COLLOCATION-GRID  METHOD  FOR  SOLVING 
BOUNDARY  PROBLEMS  FOR  NAVIER-STOKES 

EQUATIONS 
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Introduction 

The  present  work  is  aimed  at  constructing  a  grid  method  of  collocatiop  and  least 
squares  (CLS)  for  solving  the  boundary  problems  of  Navier  —  Stokes  equations.  It  is 
one  of  the  variants  of  the  finite-element  method.  Being  used  originally  for  solving  the 
ordinary  differential  equations,  it  was  used  later  for  solving  the  elliptic  and  parabolic 
partial  differential  equations  [1]  and  turned  out  to  be  attractive  for  solving  the  elliptical 
problems  on  adaptive  grids  with  the  small  parameter  at  the  highest  derivative,  where 
boundary  and/or  inner  layers  may  occur  [2].  For  sets  of  equations,  we  pioneered  in 
applying  this  method  to  boundary  problems  for  Stokes  equations  [3]. 

In  the  finite-element  approximation  of  the  boundary  problem  for  a  set  of  Navier  — 
Stokes  equations,  one  of  difficulties  consists  in  proper  account  for  the  continuity  equation 
div  u  =  0  and  realization  of  the  boundary  conditions.  In  the  method  proposed  here  the 
continuity  equation  is  rigorously  satisfied  in  each  cell  of  the  grid  due  to  specific  choice 
of  basis  and  the  boundary  conditions  are  simply  accounted.  To  find  the  coefficients  of 
solution  decomposition  with  respect  to  basis,  the  least  squares  method  is  used,  yielding  a 
better  conditioned  matrix  of  resulting  linear  system,  as  compared  with  other  methods. 

The  present  method  was  used  for  solving  the  problem  of  the  viscous  incompressible 
liquid  flow  within  the  rectangular  lid-driven  cavity.  The  lid-driven  cavity  problem  is 
interesting  because  it  is  a  model  to  test  and  compare  numerical  methods.  That  is  why  a 
number  of  researches  [4]  -  [10]  compare  their  results  using  this  problem  as  a  test  one. 

Problem  formulation 

A  boundary  problem  for  Navier— Stokes  equations  is  considered: 

Re”‘  A  v;  “  -  V2^  f 3^  (xuX2)  €0,  j  =  1,2, 

'  div  V  =  0,  (1) 

An  approximate  solution  is  sought  as  a  piecewise  polynomial  function  on  a  regular 
grid.  The  following  designations  are  introduced:  h  is  the  half- width  of  a  cell;  {xim^X2m) 
are  the  coordinates  of  m-th  cell  center;  yi  =  {xi  -  xi„)/A,  y2  =  (xj  -  X2m)/h  are  the  local 
coordinates  within  the  cell;  £f(yi,y2)  =  v{xi,X2),  g(yi,3/2)  =  hp(xi,X2).  Then,  in  local 
variables,  equations  (1)  become: 

Au,  -  +  ^)  =  j  =  1,2, 

div  u  =  0, 

«|an  =  0  • 
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(2) 

(3) 

(4) 


Let  some  approximate  solution  (ui,U2}^)  be  known.  Let  the  desired  refined  solution 
be  represented  as  tii  =  iii  +  ui,  1*3  =  63  +  U3,  =  9  +  ?•  Substituting  this  representation 

into  equations  (2)  and  neglecting  terms  with  second  order  of  smallness,  we  obtain  Oseen 
equations: 

Auj  -  Reh(«iUj,yi  +  U3«i,i^  +  +  “3«i.y2)  "*  ^vj  ~  i  2,  (5) 

where  Fj  =  Re(h*/j  +  h(uiU;,yi  +  63^*;, >2)  +  -  A6,*. 

Approximate  solution  in  each  cell  is  searched  for  in  the  form: 

I  ^  j  (®) 

where  <fj  are  the  basic  functions  (three-component  vectors),  m  is  the  cell  number. 

Coefficients  ajm  are  to  be  determined  from  the  collocation  equations  together  with 
matching  conditions  at  the  boundaries  of  adjacent  cells  or  the  boundary  conditions  on 

da. 

Approximate  equations 

Basic  functions  are  diosen  so  that  to  represent  the  velocity  vector  components  as 
second  order  polynomials,  and  the  pressure  —  as  a  linear  function,  with  the  solution  (6) 
being  required  to  satisfy  the  continuity  equation  (3)  div  t*  =  0. 

In  order  to  obtain  a  unique  piecewise  polynomial  solution,  matching  conditions  are 
to  be  specified  at  the  inter-cell  boundaries.  As  a  matching  condition  we  have  chosen  the 
continuity  conditions  for  the  relations: 

+  (7) 

Here  Un  and  Ut  are  the  normal  and  tangential  (to  the  cell  boundary)  velocity  components, 
n  is  the  unit  vector  of  external  normal  to  the  cell,  q  is  some  positive  parameter.  The  latter 
may  control  the  conditionality  of  the  resulting  set  of  linear  algebraic  equations  and  may 
affect  the  rate  of  convergence  of  iterations. 

To  find  ajm  coefficients  in  representation  (6),  method  of  iterations  over  subdomains 
was  used,  each  grid  cell  being  considered  as  the  subdomain.  When  refining  the  solution 
for  an  m-th  cell,  conditions  (7)  were  used.  Generally,  these  conditions  can  not  be  satisfied 
along  the  entire  inter-cell  boundary.  We  satisfy  these  conditions  requiring  them  to  be 
valid  in  terms  of  the  least  squares  method  at  eight  points  of  the  cell  boundary. 

If  the  cell  boundary  coincides  with  the  domain  boundary  then  velocity  vector  is  spec¬ 
ified  at  two  points  of  the  boundary.  Besides,  the  pressure  is  prescribed  at  the  lower  left 
comer  of  the  domain. 

Collocation  conditions  for  equations  (5)  at  four  points  inside  the  cell  are  added  to  the 
matching  conditions  (boundary  conditions).  As  a  result,  we  derive  the  following  set  of 
linear  algebraic  equations: 

=  1=1,. ..,24.  (8) 
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The  system  (8)  is  overdctenninated  as  it  involves  24  equaticms  for  12  unknowns.  To 
specify  what  is  recognized  as  a  solution  of  this  set,  let  us  consider  two  functionals: 

♦l  =  -  F,)\  =  f:(f:  -  ^1)’.  (9) 

i=i  /=17  issi 

The  first  functional  corresponds  to  the  sum  of  residual  squares  for  the  equations  derived 
from  the  matching  or  boundary  conditions.  The  second  one  corresponds  to  the  sum  of 
residual  squares  for  collocation  equations.  A  solution  of  (8)  is  found  by  minimiwng  these 
functionals,  the  minimum  of  is  taken  with  respect  to  the  coefficients  ajm,  j=l,. ..,10 
under  fixed  ajim  and  anm,  while  the  minimum  of  is  taken  with  respect  to  j=ll,12 
under  fixed  aj^y  j=l,. . .  ,10. 

Thus,  to  find  the  coefficients  ajmy  j=l,* . .  ,12,  we  obtain  a  set  of  equations  of  the  form: 

12 

12,  (10) 

i=i 

and  the  solution  is  found  by  the  method  of  direct  elimination. 

To  find  the  solution  of  the  problem,  an  iterative  method  is  used  where  the  desired 
solution  is  refined  for  each  individual  cell  of  the  domain.  When  refining  the  solution  in 
the  m-th  cell  during  each  iteration,  the  solution  for  adjacent  cells  either  have  been  already 
refined,  or  is  taken  from  the  previous  iteration. 

Validity  of  obtained  formulas,  convergence  and  workingability  of  the  method  were 
tested  on  a  number  of  problems  with  exact  solution  being  known. 

Calculation  of  the  flow  in  a  rectangular  lid-driven  cavity 

Using  the  CLS  method,  calculations  of  the  flow  in  a  rectangular  lid-driven  cavity  were 
performed  for  Reynolds  numbers  Re  =  1,  Re  =  10,  Re  =  100,  Re  =  400,  Re  =  1000, 
Re  =  2000.  Let  A  be  the  depth-to-width  ratio  for  the  cavity.  For  A  =  1  (square  cavity) 
and  A  =  0.5,  an  increase  in  the  Reynolds  number  leads  to  an  increase  in  near-bottom 
corner  vortices.  Maximum  and  minimum  values  of  the  velocity  profiles  along  vertical 
and  horizontal  centerlines  of  the  cavity  for  various  Reynolds  numb^  with  A  =  1  on  the 
80x80  cell  grid  axe  shown  in  table  1.  These  values  obtained  by  present  method  are  in 
good  agreement  with  those  obtained  by  [7]  -  [10]  (see  table  2). 

For  A  =  2,  unlike  the  cases  A  s=  1  and  A  =  0.5,  the  second  vortex  is  developed, 
occupying  the  overall  cavity  bottom  even  at  low  Reynolds  numbers  and  increasing  with 
the  latter.  For  all  A,  increase  in  Reynolds  number  results  in  the  shift  of  the  main  vortex 
center  at  first  in  the  direction  of  lid  motion  and  then  to  the  center  of  the  cavity.  Similar 
results  were  observed  in  the  physical  experiment  [5]  and  computations  [4],  [6]  ~  [lOj. 

Fig.  1  -  3  show  the  flow  patterns  for  Re  =  1  and  Re  =  1000  at  A  *=  0.5  and  A  =  1, 
and  for  Re  s=  1,  Re  =  1000  and  Re  =  2000  at  A  =  2.  The  vortex  centers  are  denoted  by 
’+’  mark. 


Conclusion 

A  grid  method  of  collocation  and  least  squares  (CLS)  has  been  developed  for  the  set  of 
steady  Navier  Stokes  equations.  The  method  is  implemented  on  a  regular  square  grid. 
Using  this  method,  the  flow  in  a  rectangular  lid-driven  cavity  at  various  Reynolds  numbers 
has  been  computed.  A  comparison  of  the  values  for  horizontal  velocity  component  ui  along 
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Table  1:  Distinctive  values  of  the  velocity  profiles,  obtained  by  CLS  method 


Re 

niin 

^2  wim 

V2  max 

1 

-0.2074 

-0.1846 

0.1839 

100 

-0.2125 

-0.2497 

0.1756 

400 

-0.3222 

-0.4443 

0,2970 

1000 

-0.3590 

-0.4901 

0.3463 

Table  2:  Distinctive  values  of  the  velocity  profiles,  obtained  from  literature 


Re 

Method 

Vl  Tnin 

V2  min 

V2  mAV 

100 

Ref, 

7],  grid  128x128 

-0.2106 

-0.2521 

0.1786 

Ref. 

8],  grid  129x129 

-0.21090 

-0.24533 

0.17527 

Ref. 

8],  grid  129x129 

-0.32726 

-0.44993 

0.30203 

400 

Ref. 

9],  grid  128x128 

-0.32751 

-0.45274 

0.30271 

Ref. 

10],  grid  49x49 

-0.2960 

-0.4051 

0.2662 

Ref. 

7],  grid  256x256 

-0.3764 

-0,5208 

0.3665 

1000 

Ref. 

8],  grid  129x129 

-0.38289 

-0.51550 

0.37095 

Ref. 

9],  grid  128x128 

-0.38511 

-0.52280 

0.37369 

Ref. 

10],  grid  129x129 

-0.3689 

-0.5037 

0.3553 

the  vertical  centerline  and  values  for  vertical  component  V2  along  the  horizontal  centerline 
of  the  cavity  with  those  from  the  previous  papers  [4]  -  [10]  demonstrates  close  agreement 
between  the  present  calculations  and  the  literature  data.  The  best  agreement  of  the 
velocity  values  is  observed  at  low  Reynolds  numbers.  For  higher  Reynolds  numbers,  our 
results  agree  best  with  the  data  of  [10],  The  discrepancy  is  less  then  3%,  with  80x80  grid 
being  used  in  present  computations  and  129x129  grid  being  used  in  [10], 

The  flow  patterns  for  various  Reynolds  numbers  are  identical  with  those  obtained  in 
numerical  [4]  -  [10]  and  physical  [5]  experiments. 

This  study  was  performed  under  financial  support  of  Russian  Foundation  of  Basic 
Research,  grant  96-01-01888. 
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Figure  1:  A  =  0.5,  grid  80x40  cells.  On  the  left;  Re  =  1,  on  the  right:  Re  =  1000. 
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X  X  X 

Figure  3:  A  =  2.  On  the  left:  Re  =  1,  in  the  middle:  Re  =  1000  (grid  40x80  cells),  on  the 
right:  Re  =  2000  (grid  80x160). 
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INTRODUCTION 

Very  few  experimental  investigations  of  supersonic  receptivity  phenomena  were  fulfillment 
up  to  date.  Note  Kendall’s  experiments  [1],  where  the  development  of  natural  disturbances  in  the 
boundary  layer  was  studied,  and  the  correlation  factor  between  the  free-stream  and  boundary 
layer  oscillations  was  measured  at  Mach  number  M=  1.6-8, 5.  A  high  intensity  of  disturbances 
was  found  in  the  boundary  layer  close  to  the  leading  edge.  It  was  induced  by  an  external 
acoustic  field.  The  receptivity  problem  was  solved  at  the  Institute  of  Theoretical  and  Applied 
Mechanics  with  the  help  of  external  controlled  disturbances,  which  generate  eigen  oscillations 
in  the  boundary  layer  [2-5],  The  areas  of  the  maximum  boundary  layer  receptivity  on  a  flat 
plate  to  acoustic  disturbances  were  established  experimentally  in  [2],  They  are:  a)  the  plate 
leading  edge;  b)  the  area  corresponding  to  the  acoustical  branch  of  the  neutral  curve;  c)  the 
area  corresponding  to  the  lower  branch  of  the  neutral  stability  curve. 

Experimental  investigations  of  the  supersonic  boundary  layer  receptivity  on  leading  edge 
of  the  plate  to  the  external  controlled  disturbances  were  carried  out  at  Mach  number  M=2  in 
[3,4]  and  at  M=3.5  in  [5,6].  The  transformation  coefficients  K  (the  ratio  of  the  amplitude  of 
disturbances  generated  in  the  boundary  layer  to  the  amplitude  of  acoustic  waves  falling  onto 
the  leading  edge)  were  experimentally  obtained  in  [4,6]  for  the  first  time. 

All  our  previous  investigations  of  receptivity  problem  were  carried  when  the  models  were 
flat  plates  with  sharp  leading  edge  [2-6].  The  experiments,  presented  in  this  article,  were 
fulfilled  on  a  blunted  plate. 


EXPERIMENTAL  CONDITIONS 

The  experiments  were  performed  in  the  supersonic  wind  tunnel  T-325  of  the  Institute  of 
Theoretical  and  Applied  Mechanics  of  the  Russian  Academy  of  Sciences  with  the  test  section 
dimensions  600x200x200  mm,  at  Mach  number  M=2,  unit  Reynolds  number  Rei=10xl0^  1/ni. 
The  model  was  described  in  [4],  It  consists  of  two  flat  plates,  mounted  at  zero  angle  to  the 
flow.  External  controlled  disturbances  were  generated  by  using  discharge  with  frequency /=20 
kHz.  Plate  1  contains  the  discharge  in  chamber  and  can  be  moved  in  normal  direction.  Artificial 
disturbances  were  entered  into  supersonic  flow  through  an  aperture  with  diameter  of  0.5  mm  in 
working  surface  of  the  flat  plate  as  described  in  [5,7].  Coordinates  of  the  source  are: 
x=18±0.25  mm  and  2=0,  where  x  is  the  longitudinal  coordinate  from  the  leading  edge  of  plate 
1.  Spanwise  coordinate  z  was  counted  from  the  hole  in  the  plate  plane.  The  distance  of  the 
plate  /  from  the  wall  of  the  test  section  was  equal  a=76  mm,  Plate  1  was  placed  below  the 
plate  2.  In  this  case  generation  of  disturbances  in  the  boundary  layer  by  the  external  controlled 
acoustic  field  taken  place  near  the  leading  edge  of  plate  2.  The  plate  2  was  fastened  to  pylon  at 
a  distance  116  mm  from  the  wall  of  the  test  section  T-325.  The  sizes  of  plate  2  are  280  mm 
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length,  160  mm  width  at  top  and  80  mm  at  basis,  7  mm  thickness.  The  radius  of  the  leading 
edge  bluntness  was  equal  r=2.5  mm. 

Disturbances  were  registered  by  the  constant  temperature  hot-wire  anemometer.  A  probe 
with  tungsten  wire  of  5  |am  diameter  and  0.76  mm  length  was  used.  The  probe  could  be  moved 
along  three  coordinates  with  the  help  of  a  traversing  device  with  an  accuracy  0. 1  mm  for  the 
longitudinal  x  and  spanwise  z  coordinates  and  0.01  mm  for  the  normal  coordinate  >/.  The  hot¬ 
wire  signal  was  put  in  the  computer  with  the  help  of  12-bit  0.75  MHz  A/D  converter.  For  these 
measurements  the  selective  amplifier  with  bandwidth  of  1%  was  used,  output  of  which  was 
connected  with  ADC.  A  synchronous  summation  was  used  for  improving  the  signal  to  noise 
ratio  in  the  experiments.  The  technique  of  experiment  and  procedure  of  data  processing  was 
described  in  [5]  in  detail, 


RESULTS 

The  initial  field  of  controlled  fluctuation  in  free  stream  was  measured  in  a  plane  of  the 
plate  2  on  distance  yj=40  mm  from  a  surface  of  the  plate  1  (plate  2  was  established 
downstream).  In  this  case  the  plate  2  was  used  as  a  support  for  the  traversing  gear.  The  initial 
amplitude  of  controlled  disturbances  from  the  local  source  was  fixed  during  all  measurements. 
At  the  analysis  of  the  experimental  data  in  [4,5]  simplified  physical  model  of  disturbances 
generation  near  to  the  source  was  used.  The  artificial  disturbances  penetrate  through  the 
aperture  of  the  plate  J  into  the  boundary  layer.  Thus  in  result  of  braking  of  a  flow  in  the  near 
field  of  upstream  and  downstream  of  the  discharge,  possibly  the  vortices  were  formatted  with 
different  directions  of  rotation  in  the  plane  >oc.  Further  downstream,  the  generated  disturbances 
induce  to  origin  of  Tollmien-Schlichting  (TS)  waves  in  the  boundary  layer  of  plate  J.  All  this 
process  was  accompanied  by  radiation  of  various  types  of  controlled  disturbances  into  the  free 
stream.  The  radiation  propagates  inside  the  Mach  cone  from  the  discharge.  On  the  basis  of  this 
model,  typical  regions  corresponding  to  various  types  of  controlled  disturbances  were 
identified  from  the  functions  A(Xx)  and  0o(x).  The  acoustic  nature  of  the  radiation  was 
obtained  in  [5] 

Such  physical  model  was  based  on  distributions,  similar  adduced  on  fig.l,  where  relations 
of  amplitude  and  phase  of  controlled  disturbances  A^x)  and  0o(x)  over  the  longitudinal 
coordinate  in  section  z=0  are  shown.  The  first  zone  corresponds  to  acoustic  waves,  radiated  by 


Fig.l  Dependence  4  (x),  0(x)  of  controlled  initial 
disturbances  at  the  position  of  plate  2 
(plate  2  removed) 


Fig,  2  Lines  of  equal  amplitude  of  initial  artificial 
disturbances  at  the  position  of  plate  2 
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disturbances  from  the  source,  propagated  upstream  in  the  boundary  layer  of  the  plate  1  (in 
fig.  1  this  zone  about  corresponds  to  area  of  the  first  maximum  at  24  mm  <x  <11  mm,  where 
phase  reduction  with  increasing  of  the  coordinate  x  was  observed).  The  second  zone 
(disturbances  radiation  directly  from  the  aperture  of  the  source)  corresponds  to  the  area  of  the 
second  maximum  in  fig.  1 .  The  third  zone  corresponds  to  radiation  from  the  vortex  behind  of 
the  aperture  (on  fig.l  this  zone  about  corresponds  to  area  of  the  third  maximum  at  x  from  30 
mm  up  to  35  mm).  The  fourth  zone  is  observed  for  x>35  mm  as  radiation  from  TS  waves.  The 
similar  analysis  of  amplitude  and  phase  distributions  over  x  was  made  in  [4-6]. 

Measurements  of  A({x)  and  0(^x)  in  free  stream  had  allowed  to  define  border  on  the 
coordinate  x  of  area  of  excited  disturbances  and  to  began  more  in-depth  researches  of  initial 
disturbances.  For  this  purpose  measurements  of  transversal  distributions  of  amplitude  and 
phase  Ao{z),  0o{z)  of  controlled  disturbances  in  the  plane  of  the  plate  2  were  made  for  values 
of  the  longitudinal  coordinate  from  x:=24  mm  (the  border  of  excited  disturbances)  up  to  x=40 
mm  with  a  step  1  mm.  Lines  of  equal  amplitude  of  artificial  disturbances,  obtained  after  the 
processing  of  the  distributions  A({z),  0oiz)  with  the  help  of  spline,  are  shown  in  fig.  2.  The 
border  of  perturbed  area  for  the  radiation  is  good  observed  in  the  plot. 

The  distributions  Ao(z)  and  0o(z)  of  initial  controlled  disturbances  were  measured  for 
cross-sections  x=const  in  four  different  regions  of  radiation  (x=26,  29,  31  and  38  mm)  in  free 
stream.  These  values  of  the  coordinate  x  were  chosen  from  distributions  A(x)  and  0(x) 
presented  in  fig.l.  At  study  of  a  field  of  boundary  layer  disturbances  induced  by  the  external 
controlled  waves,  the  plate  2  was  established  so  that  its  leading  edge  consistently  placed 
precisely  in  those  sections,  where  external  disturbances,  belonging  to  various  areas  of 
radiation,  were  investigated  (i.e.  coordinate  of  the  leading  edge  was  r=26,  29,  31  and  38  mm). 
The  distributions  ^(r),  0{z)  of  disturbances  were  measured  in  the  boundary  layer  of  the  plate  2 
at  x*  equal  to  40  and  50  mm  (here  x*  is  the  distance  from  the  leading  edge).  The 
measurements  were  carried  out  in  an  unstable  region  of  disturbances  development  in  the 
supersonic  boundary  layer.  In  this  way  the  structure  of  external  disturbances  and  the  waves  generated 
by  them  in  the  boundary  layer  were  defined. 

Only  the  data  correspond  to  the  leading  edge  coordinate  x=3 1  mm  are  presented  in  the 
paper.  The  amplitude  and  phase  spectra  of  external  acoustic  disturbances  and  eigen  oscillations 
generated  by  them  are  compared  in  fig, 3  as  functions  of  transversal  coordinate.  Here 
distributions  at  x*=0  correspond  to  the  initial  controlled  disturbances  in  free  stream  at  x=31 
mm.  Though  distributions  A{z\  0{z)  for  oscillations  in  the  boundary  layer  shows,  that 


Fig. 3 a.  Distribution  of  A(z)  over  transversal 
coordinate  for  leading  edge  coordinate  x=3 1  mm. 


Fig. 3b.  Distribution  of  0(z)  over  transversal  coordinate 
for  leading  edge  coordinate  x=3 1  mm. 
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Fig.4a.  Distribution  ofA(^  over  wave  number  §  for 
leading  edge  coordinate  x=3 1  mm. 
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Fig.4b.  Distribution  of  over  wave  number  pfot 
leading  edge  coordinate  1  mm. 


the  generation  of  eigen  oscillations  by  the  external  controlled  disturbances  takes  place.  The 
amplitude  of  excited  disturbances  in  the  boundary  layer  exceeds  amplitude  of  initial  controlled 


disturbances  in  several  times. 

The  y^spectra  were  determined  with  the  help  of  discrete  Fourier  -  transformation  under 
the  data,  presented  in  fig.3.  The  amplitude  and  phase  spectra  of  external  acoustic  disturbances 
and  eigen  oscillations  generated  by  them  are  compared  in  fig.4  as  functions  of  the  wave 
number  p.  Significant  amplification  of  the  external  disturbances  in  the  boundary  layer  is 
observed  too.  Using  obtained  data  the  transformation  coefficients  of  disturbances  (coefficient 
of  generation)  can  be  found  from  the  relation 


K(P)  = 


Am 

X*=3^* 

Am 

Fig.  5.  Transformation  coefficients  K{J3)  over  wave  number  p  at  leading  edge  coordinate  x=3 1mm. 


195 


Figure  5  shows  the  transfer  functions  of  disturbances  K(p)  obtained  for  the  blunted 
leading  edge.  In  the  case  of  plate  with  the  sharp  leading  edge  the  integrated  transformation 
coefficient  was  close  to  the  unit.  Two  typical  regions  of  disturbances  generation  were 
found,  namely,  the  region  ±10°  with  the  minimum  transformation  coefficients  K  (A^<1)  and  the 
region  ±(20°-40°)  with  the  maximum  coefficients  (;(:>1)  [4].  It  was  obtained,  that  for  the  case 
of  blunted  leading  edge  the  transformation  coefficient  greater  the  ones  for  the  case  of  sharp 
leading  edge  more  than  an  order.  The  maxima  at  )5=±0.5  show  that  the  inclined  waves  are 
excited  in  the  boundaiy  layer  of  the  blunted  plate.  The  existence  of  maximum  in  the 
distribution  K{fi)  in  a  vicinity  of  shows  that  acoustic  are  generated  in  the  boundary  layer 
too.  Bluntness  is  the  reason  of  such  difference  in  our  opinion.  The  excitation  occurs  in  the 
small  location  at  the  leading  edge,  but  this  location  is  greater  for  the  case  of  blunted  leading 
edge.  Furthermore  a  shock  wave  is  formed  near  the  leading  edge.  External  controlled 
disturbances  interact  with  the  shock  wave.  The  shock  waves  become  an  additional  source  of 
disturbances  by  itself  and  excites  oscillations  in  the  boundary  layer  too.  Confirmation  of  this 
conclusion  may  be  obtained  from  fig.  6,  where  distributions  of  .4(x)  and  ^x)  are  presented  in 
dependence  of  the  longitudinal  coordinate  in  free  stream  over  the  surface  of  the  plate  2.  At  the 
same  measurement  in  the  case  of  sharp  leading  edge  the  initial  controlled  disturbances  were 
observed  up  to  maximum,  corresponded  to  the  Mach  line  from  the  leading  edge.  The 
disturbances,  correlated  with  the  source,  were  close  to  zero  in  free  stream  after  the  Mach  line 
[4,6].  Another  picture  can  be  seen  in  fig. 6,  where  disturbances  in  free  stream  under  the  surface 
of  the  plate  2  exceed  initial  controlled  disturbances. 

Analogous  measurements  were  carried  out  and  analogous  results  were  obtained  for  the 
other  radiation  zones. 
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Fig. 6.  Distributions  of  A{x)  and  over  longitudinal  coordinate  in  free  stream  at  the  distance  y=  1.5  mm 
under  the  surface  of  the  plate  2. 
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CONCLUSIONS 


Experimental  study  of  the  controlled  disturbances  field,  introduced  into  6*00  stream 
with  the  help  of  the  local  source  of  disturbances,  was  carried  out.  Disturbances  in  the  flat  plate 
boundary  layer,  excited  by  the  external  controlled  acoustic  oscillations  in  the  vicinity  of  the 
blunted  leading  edge,  were  measured. 

Quantitative  comparison  of  levels  of  initial  acoustic  disturbances  in  fi-ee  stream  and 
fluctuations  of  the  supersonic  boundary  layer,  caused  by  them,  was  made.  The  transformation 
coefficients  of  acoustic  disturbances  into  oscillations  of  the  supersonic  boundary  layer  were 
obtained. 

It  was  found,  that  the  excitation  of  disturbances  in  the  boundary  layer  by  the  external 
disturbances  at  the  case  of  blunted  leading  edge  occurs  considerably  more  heavily  than  at  the 
case  of  sharp  leading  edge. 
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In  the  paper  a  model  of  vapour  condensation  on  a  rotating  disk 
is  described.  A  Nusselt  model  [1-3]  has  been  taken  as  the  basis  for 
investingation  of  the  phenomena.  An  algorithm  and  results  of  compartive 
calculations  are  presented.  The  model  permits  to  obtain  preliminary 
characteristics  of  a  process  of  condensation  in  disk  ventilators  used  for 
draining  and  cleaning  of  ah  in  premises. 

l,We  use  the  following  denotations:  x  -  radial  coordinate  of  a  disk,  m;  $ 

-  polM  coordinate  of  a  disk,  rad;  y  -  axial  coordinate,  m;  R1  -  inner  radius 

of  a  disk,  m;  R2  -  external  radius  of  a  disk,  m;  w  -  angidar  velocity  of  a  disk, 
1/s;  U  -  radial  velocity  of  a  condensate,  m/h;  Pr  -  Prandtl  number;  U  - 
temperature  of  air  in  premises,  ®C;  t,  -  temperature  of  a  saturated  vapour, 
®C;  -  temperature  of  a  disk,  ®C;  Cp  -  specific  heat  of  air,  kcal/kG-®C  At 

-  difference  At  =  f.  - ®C;  a  -  heat  transfer  coefficient  kcal/m  ^C  h;  q  - 
density  of  a  heat  flow,  kcal/m*  h;  r  -  latent  heat  of  condensation,  kcal/kG; 
fi  -  viscosity  of  cndensate,  kG-s/m*;  ^  -  kinematic  viscosity  of  condensate, 
m^/h;  X  -  thermal  condactivity  of  condensate  kcal/m-®C-h;  7  ~  specific 
gravity  of  condensate,  kG/m®;  6  -  condensate  film  thickness,  m;  r  -  force 
of  internal  friction  of  condensate,  kG/m*;  p  -  density  of  condensate,  kg/m*; 
g  -  gravity  acceleration,  m/s*. 

In  the  future  we  shall  consider  only  the  stationery  flow  and  assume  that 
condensation  take  place  only  on  boundary  vapour-liquid,  condansate  is 
incompressible  viscous  liquid,  pressure  in  condensate  film  is  constant  and 
equal  to  the  vapour  pressure,  the  flow  of  the  film  is  laminar,  inertial  forces 
are  small  in  comparison  with  the  forces  of  viscosity,  the  surface  tension  on 
a  boundery  vapour-liquid  is  absent,  temperature  of  film  is  linear  along  a 
normal  to  surface  of  a  ^sk,  parametrs  p,  A,  7  are  constant  and  equal  to  that 
of  at  temperature  t  =  0.5(ttu  + motion  of  condensate  along  coordinate 
y  can  be  neglected. 

The  equation  for  the  thickness  of  condensate  film  is  derived  from 
the  general  equations  of  movement  of  viscous  incompressible  liquid.  In 
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the  dlindiical  system  of  coordinates  with  account  of  assumed  above 
suppositions  those  equation  can  be  witten  in  the  form  [4] 

ptAW  =  pf,  divW  =  0,  (LI) 

where  W  -  vector  of  velosity  of  the  condansate  particals,  /  ~  vector  of 
voluem  forces.  As  in  our  case 


equations  (1.1)  takes  the  form 

whence  it  follows 

Let  us  consider  x  as  parameter,  then 

U(x,y)  =  +  C'.  (1.4) 

The  constants  of  integration  C  and  C'  can  be  found  from  the  foUowig  two 
conditions 

CA(«,0)  =  0,  Ul{x,6{x))  =  Q, 

stipulated  with  viscosity  of  condensate  and  stationary  film  flow.  So  we  have 
Uix,y)  =  -  6{T))y.  (1.5) 

Average  film  velocity  can  be  written  as  follows 

Now  let  us  write  the  influx  of  condensate  dG  on  the  part  da?  of  a  radius 
over  the  density  of  heat  flux  q: 

.  _  2irxq(x)dx  2irx  A  , 
dC - 

where  r*  =  r  +  Cp{tr  - 1,),  and  compere  it  to  the  increment  of  expenditure 
on  the  same  part  dx 

dG  =  d(2Trx6{x)Vef(x)y^  =  ^^—2xd{x^8\x'^. 
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We  have 


We  have 

4  dx 

(1.7) 

Let 

(1.8) 

then  equation  (1.10)  can  be  written  in  the  form 

(1.9) 

Boundery  condition  for  equation  (1.12)  is  obvions 

D(fil)  =  0. 

(1.10) 

In  general  case  the  solution  of  the  problem  (1.9),  (1.10)  is  calculated 

with  one  of  the  Runge-Kutt  method  [5].  Fbr  the  case  A(x) 
solution  has  the  form 

=  const  the 

(1.11) 

and,  consequently, 

S{x)  - 

(1.12) 

For  R1  =  0  we  have  from  (1.12) 

Thes  formula  can  be  rewritten  as  [6,  7] 

(1.13) 

where  1/  -  /i/p,  Pr  =  fiC^IX. 

2«Coiisider  numerical  exampel:  define  amaunt  of  drain  saturated 
vapour,  condensating  at  atmosphere  pressure  in  an  hour  on  one  side  of 
the  rotating  disk  with  cj  =  200  rev^,  —  60^0  and  R1  =  0.05  m, 
R2  =  0.10  m. 

Values  of  parametrs  /i>A,7  are  taken  at  average  temperature  tm  = 
0.5(60  + 100)  =  8CrC  [2]: 
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n  =  36.6  •  10-«  kG  s/m»  =  1.008  10-*  kG-h/m*, 

\  =  0.580  kcal/m-oC  h. 

7  =  971.8  kG/m». 

Latent  heat  of  condensation  of  the  water  at  atmosphere  pressure  is  equal 
r  =  539  kcal/kG.  So  we  have: 

A  —  ZnXg^t/rr/^u^  =  33.8015* 10“*®  m*; 

«(J?2)  =  [4(l  -  (^1/^)*^*)]^^*  =  1*9425  •  10“®  m; 

Vc,  =  7fi2«*#*(Jl2)/3/*p  =  4944.5493  m/h  =  13.7349  m/s; 

G  =  2-KiaA{B2)Uc,'i  =  58.6481  kG/h. 


The  same  result  can  be  obtained  by  virtue  of  average  heat  trasfer 
coefficient 


1  fm  flit 

=  fraeX^A/2^ 


2irX  /•“  »®/*dj5 


f  - 

Jri  ^ 


\3/4 

R2^-Riy  = 


F^fA/2J^^  -  jRl®/® 

33540.6364  kcal/m*.*^C.h 


-  (2.1) 


G^Qfr  =  OcpAt .  F/r  =  58.6481  kG/h. 

Using  above  discribed  algorithm  many  calculations  have  been  made 
at  constant  and  variable  temperature  On  the  results  the  following 
conclusions  can  be  made: 

1.  the  thickness  of  condensate  film  very  strong  depends  on  difference 
At  tg  and  almost  independs  on  values  itself  temperatures  tg  and 

tiuy 

2.  for  increasing  temperature  the  thickness  of  condensate  film  at 
first  icrease  and  then  begins  decrease  and  can  quit  vanish,  so  we  have  no 
condensation, 

3.  with  growing  angular  velosity  cj  the  boundary  between  condensate 
and  dry  surface  move  to  the  rim  of  the  disk. 


201 


REFERENCES 


1.  Nussdt  W.  Die  Obeiflachen  Kondensation  des  Wasserdampfes  // 
Zeitschrift  des  Vereines  Deutqscher  Ingenieure-  1916.  -  Bd  60.- 
S.541,  569. 

2.  MHxeeB  M.A.  Ochobbi  TenjionepeaaHH.-  M.;  Foe.  snepr.  laA-BO,  1949. 

3.  EcaHeHKo  B.n.,  OcimoBa  B.A.,  CyKoiceji  A.C.  TennonepenaHa.-  M.- 
JI.:  dHepriM,  1965. 

4.  Kohhh  H.E.,  Km&enh  H.A.,  Pose  H.B.  TeopenraecKas  rn^ipoiiexaHH- 
Ka.  T.2.-  M.,  1963. 

5.  BepesHH  H.C.,  ^Khakqb  H.n.  MerowH  BUHMOieHHi.  T.2.-  M.:  ♦hs- 
MaxrHs,  1962. 

6.  Sparrow  E.M.  A  theory  of  rotating  condensation  //  Thins.  ASME, 
Series  C,  Journal  of  Heat  Transfer-  1959.-  Vol.  81.-  No  2.-  P.113- 
120. 

7.  Yanniotis  S.,  Kolokosta  D.  Experimental  study  of  water  vapour 
condensation  on  a  rotating  disc  fflnt  Comm,  Heat  Mass  Transfer- 
1996.-  Vol.  23.-  No  5.-  P.721-729. 


202 


RECONSTRUCTION  PROBLEM  OF  ADAPTED  AIRFOIL  WITH 
GIVEN  ELECTROMAGNETIC  SCATTERING 

M.S.  Soppa 

Novosibirsk  State  Architecture  Civil  Engineering  University 
630008,  Leningradskaya,  113,  Novosibirsk,  Russia 

PROBLEM  STATEMENT 

The  scattering  of  a  plane  H  -  polarized  electromagnetic  wave  on  a  profile  with  ideally 
conducting  (metallic)  surface  S  is  studied.  For  the  nonzero  component  of  the  magnetic  field 
u  =  H2  we  have  the  Helmholtz  equation: 

u  u  2  n  .JO 

- r-  + - +  k  u  =  0  outside  S 

dx^  dy^ 

with  the  boundary  condition  : 


dn 


here  k  =  2nl  X  -  wave  length ,  -  -  derivative  along  outward  normal . 

dn 

The  noncompressed  potentional  flow  over  profile  is  described  with  Laplas  equation 
for  the  velocity  potential : 

- —  + - —  =  0  outside  S 

dx^  dy^ 

with  the  boundary  condition : 

3  0  ^ 

- =  0  on  S  ,  (1) 

dn 

and  with  the  Joukowsky  -  Kutta  condition  at  the  trailing  edge. 

The  inverse  problem  of  the  unknown  surface  part  Sq  qS  reconstruction  is  con¬ 
sidered  in  the  following  statement.  Find  the  set  of  values  {  },  /  =  1,..,L  ,  which 

parametricaly  describe  desired  surfase  Sq  ,  and  which  ensure: 

a)  a  sufficiently  accurate  approximation  to  a  given  scattering  diagram  (SD); 

b)  unshocked,  smooth  flow  over  profile. 

The  scattering  diagram  is  given  at  a  finite  number  of  far  field  points: 

(pe{(Pj  ij  f  ^  -  is  the  polar  angle,  m  =  L  - 1 .  The  criterion  of  approximation 

©  M.S.  Soppa,  t998 
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(2) 


to  a  given  SD  is  understood  in  a  root-mean-square  sense  : 

m  2 

=  h {q>j)-  A,  ->■  min  . 


>1 


The  smooth  flow  over  airfoil  nose  part  corresponds  to  close  to  zero  load  of  the 
leading  edge.  In  case  of  thin  airfoil  it  ensures  the  essential  decreasing  of  drag  and  increasing 
of  aerodynamic  efficiency.  We  assume  the  airfoil  to  be  thin,  its  middle  line  to  be  weakly 
deformed  and  we  will  suggest,  that  boundary  condition  (1)  is  realized  at  the  airfoil  base 
surface  (chord).  The  unshocking  condition  (in  terms  of  pressure  coefficient)  then  will  be 
written  down  as  (0)  =  0  .  While  using  the  panel  method  [  1  ]  for  calculation  of  the  flow 
around  airfoil  this  is  equivalent  to  zero  vortex  strength  at  the  leading  edge,  or 

‘^2  r(0)  |->min  .  (3) 

This  condition,  following  from  aerodynamic  consideration  ,  will  be  added  to  the  indefinite 
(m  <  L )  electrodynamic  problem  of  the  airfoil  form  identification.. 


NUMERICAL  SOLUTION  METHOD 

Assume,  that  desired  parameters  { p.  }  are  equal  to  absolute  values  of  unknown 

surface  Sq  radius  -  vectors  at  the  supporting  sections  with  polar  angles  y/.  ,  /  =  1, . . ,  L  . 

In  order  to  obtain  the  numerical  solution  of  electrodynamic  problem  we  will  use 
scattering  field  integral  representation  : 

/!  =  V^^exp(-/fo-);^  j  {{^D-'B  +  g)  fV-^)u^ds,  (4) 

where  r  =  ^Jx^  +  ->  co  ,y  /  x  =  tg(p  ,  g  -  is  a  fundamental  solution  of  the  Helmholtz 

equation,  B,D  -  operators  of  direct  problem  inversion.  Here  we  use  the  method  of  artificial 

«immersion»  in  a  more  general  problem,  when  the  surface  impedance  W  at  the  part  Sq 
is 

accounted  to  be  unknown. 

Aerodynamic  problem  is  solved  using  panel  method  [  1  ]  with  the  «plane»  boundary 
condition  and  piece  -  linear  vortex  density  function  along  the  airfoil  chord.  Using  the  in¬ 
version  of  the  aerodynamic  influence  matrix  A  ,  obtain  expression  for  vortex  density  by 
means  of  panel  local  angles  of  attack.  Thus  ,  the  relationship  (3)  can  be  rewritten  as 

NW 

r,  =  i:(A-‘),,,(S^-a  +  Sl)  =  0,  (5) 

p:=l 

where  a  -  angle  of  attack,  -  panel  deflexion  angle,  corresponding  to  initial  airfoil  middle 

line  deformation,  Sp  -  variable  deflexion  angle,  NW  -  node  points  number  along  the  chord. 

In  paper  [  2  ]  effective  method  of  surface  impedance  reconstruction,  in  case  of  fixed 
geometry  Sq  ,  is  suggested.  Thereby  operator  can  be  defined: 

W=Y(p), 

here  vector  objects  are  discrete  analogs  for  an  according  continuous  functions. 
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The  relationship  (5)  permits  to  express  the  airfoil  nose  loading  by  means  of  vector 
P' 

r,=(?(p). 

Note,  desired  inverse  problem  solution  corresponds  to  zero  values  of  parameters 
W  and  Xi  Therefore,  instead  of  extremal  problem  (  2,3  )  we  obtain  the  nonlinear 
operator  equation : 

Z(p)=0, 

where  Z=  {  ?,G  }.  This  equation  can  be  solved  by  means  of,  for  example,  Newton’s 
method.  As  a  result  we  will  have  airfoil  nose  contour,  which  ensures  given  scattering  dia¬ 
gram  together  with  unshocking  airflow  regime. 

REFERENCES 

1.  Lipatnikova  T.P.,  Silantiev  V.A.,  Soppa  M.S.  Lifting  system  optimization  for  subsonic  flow  using  Woodward 
panel  method  //  Simulation  in  Mechanics.  Novosibirsk,  1989,  v.  3  (20),  N  1,  p.  107-1 15. 

2.  Soppa  M.S.,Ershova  E.E.  Numerical  Solution  of  Inverse  Scattering  Problem  on  Impedance  Bodies  for  E- 
and  H-polarizatibns  //Optoelectronics,  Instrumentatin  and  Data  Processing.  No.  2,  1997,  p.51-55,  Allerton 
Press,  Inc. 


205 


DEVELOPEMENT  OF  THE  LASER  SHEET  IMAGING  METHOD  FOR 
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INTRODUCTION 

Laser  sheet  technique  is  one  of  the  most  powerful  means  to  investigate  3D  flows.  Flow 
field  seeded  with  particles  is  visualised  due  to  the  scattering  of  a  plane  laser  beam  light,  with 
the  distribution  of  brightness  of  the  scattered  light  depending  on  the  particles  concentration 
inside  the  plane  of  interest.  Recently,  at  ITAM  laser  sheet  technique  has  been  widely  used 
grabbing  the  data  using  originally  designed  photo  camera  mounted  inside  the  wind  tunnel, 
which  allows  one  to  obtain  one  frame  per  wind  tunnel  run.  This  way  has  a  number  of 
restrictions  such  as  limited  amount  of  information  obtained,  inability  to  correct  a  quality  of 
images  at  the  rate  of  experiment. 

A  progress  achieved  in  microelectronics  allowed  one  to  modify  the  described  technique  to 
increase  the  amount  of  data  per  wind  tunnel  run  and  to  allow  one  to  correct  the  quality  of 
images  adjusting  either  electronic  system  parameters  or  seeding  system  parameters. 
Possibilities  of  digital  image  processing  and  displaying  can  also  be  applied  to  the  data 
collected. 


1.  HARD-  AND  SOFTWARE 

Hardware  used  includes  the  optical  scheme  forming  the  plane  laser  beam  (laser  sheet),  the 
seeding  system  and  the  registration  system  collecting  images  of  the  flow  field  formed  in  the 
plane  of  interest.  An  optical  scheme  is  shown  in  figure  1 .  A  light  source  1  is  the  argon  laser  of 
continues  operation  rate  with  the  radiation  power  of  approx.  1  W.  The  light  beam  is  extended, 
if  needed,  by  a  pair  of  diverging  lenses  2,  3.  Then  the  light  beam  passes  through  the  spherical 
convergent  lens  4.  Its  focal  plane  is  to  coincide  with  a  centre  of  the  plane  of  interest  thus 
providing  a  width  of  the  laser  sheet  less  than  1  mm. 


When  using  this  technique  at  ITAM  T-313  supersonic  wind  tunnel  water  was  used  for 
flow  seeding.  Works  [1-3]  shows  the  results  of  investigations  of  influence  of  water  particles 
present  inside  the  wind  tunnel  tract  on  flow  parameters.  It  was  shown  that  the  amount  of  water 
needed  for  the  flow  field  visualisation  does  not  affect  the  flow  parameters. 

<D  L.G.  Vasenev,  S.B.  Nikiforov,  A.A.  Paviov,  A.M.  Shevchenko,  1998 
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The  seeding  system  is  shown  in  figure  2.  The  water  firom  tank  1  is  charged  into  the  wind 
tunnel  tract  2  through  sprayer  3.  Flowing  out  through  the  sprayer,  the  water  medium  is 
atomised  in  small  drops  which  intensively  vaporise  in  dry  air.  'Thiese  particles  flowing  through 
filter  4,  honeycomb  5  and  grids  6  mounted  in  the  settling  chamber  7  uniformly  fill  the  tract. 
The  use  of  remote  controlled  electromagnetic  valve  8  allows  one  to  seed  the  flow  only  at  the 
moment  of  data  grabbing  thus  neglecting  the  influence  of  the  moist  air  on  the  wind  tunnel 
components,  investigated  models  and  registration  devices.  The  water  flow  rate  can  be  adjusted 
at  the  rate  of  experiment  by  means  of  an  air  reducer  9  providing  the  air  pressure  in  the  water 
tank  1.  While  extending  in  the  supersonic  nozzle  10  water  vapour  transforms  in  a  fog  which 
particles  provide  the  laser  light  scattering.  Water  mass  flow  should  provide  the  begirming  of 

water  condensation.  An  additional  amount  of  water  should  also  be  added  to  provide  light 

-6 

scattering  particles.  The  water  mass  flow  needed  for  water  condensation  is  less  than  10 
Kg/sec  which  is  a  negligible  value  and  may  not  be  taken  into  account.  Thus  the  needed  water 
mass  flow  rate  is  defined  by  the  amount  of  water  needed  for  the  light  scattering  particles  to 
arise.  Tests  have  shown  that  the  water  mass  flow  mentioned  above  does  not  exceed  150  g/sec. 

The  most  significant  improvements  of  the  method  were  made  by  replacing  the  photo¬ 
camera  by  a  CCD  camera  connected  to  the  fi’ame  grabber  mounted  in  PC.  PC  allows  one  to 
grab  images  into  its  memory,  to  store  them  on  a  hard  disk,  to  display  on  a  PC  screen,  to  adjust 
and  control  registration  system  parameters  at  the  rate  of  the  experiment.  In  our  case  JAI  CV- 
MIO  progressive  scan,  30Hz,  659x494  pixels  CCD  camera  was  used.  This  camera  has  a  high 
light  sensitivity,  remote  electronic  control  of  amplification  coefficient  and  expose  time,  and 
small  sizes. 

The  registration  system  scheme  is  presented  in  figure  3.  A  CCD  camera  is  placed  in  the 
shielding  box  mounted  on  the  dummy  strut  directly  in  the  wind  tunnel  test  section.  The  box 
was  designed  to  provide  the  possibility  to  mount  it  on  either  side  of  the  dummy  strut  higher  or 
lower  the  wind  tunnel  axis.  It  is  also  possible  to  adjust  the  box  angle  of  deflection  in  both 
vertical  and  horizontal  directions.  To  protect  the  camera  lens,  the  protecting  glass  is  mounted 
ahead  the  lens,  the  glass  is  also  protected 
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Fig.  3.  The  CCD  camera  and  the  protecting  box  mounted  inside  the  work  section  of  T-313  wind  tunneL 

by  the  electromechanical  shutter.  The  shutter  is  opened  only  at  the  time  of  expose  and 
controlled  by  the  wire  remote  control.  Eltec  PC-EYEl  frame  grabber  mounted  in  PC  allows 
one  to  grab  both  single  frames  and  the  sequence  of  frames  with  a  predefined  period.  The 
control  software  includes  two  Win32  applications.  The  primary  one  (CAMERA.EXE)  allows 
one  to  adjust  CCD  camera  parameters.  The  later  one  (GRABBER.EXE)  controls  the  frame 
grabber.  In  some  cases  it  is  needed  to  simultaneously  register  additional  parameters  such  as 
time,  temperature,  incident  angle,  etc.  Originally  designed  ISA  card  also  mounted  in  PC 
allows  one  to  do  this  providing  a  16-bit  input  interface.  The  time  delay  between  the  end  of  the 
frame  and  the  registration  of  additional  parameter  does  not  exceed  1  micro-second.  The 
software  also  allows  for  processing  and  displaying  the  data  collected. 

2.  CALIBRATION  TESTS  AND  RESULTS  DISCCUSSION 

To  demonstrate  the  functionality  of  the  system  described  calibration  tests  on  visualisation 
of  the  flow  field  formed  by  a  thin  delta  wing  with  a  symmetrical  profile  and  a  sharp  leading 
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Ph20=12  atm,  1/60  s  Ph2o=12  atm,  1/30  s 

Fig.5.  M=2,  Re, =27.05-10',  p=4  atm,  a=10‘’ 
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Ph2:=1  .5  atm,  0. 1 3  s  (4  fields)  -5  atm,  0.26  s  (8  fields) 


p„„=5.5  atm.  0.13  s  (4  fields)  p„jo=5.5  atm,  0.26  s  (8  fields) 


Fig,  6.  M=3,  Re,=8.3810‘,  p=latni,  0=15° 
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The  \'isualis3lion  was  performed  for  Mach  numbers  n  Mi=3  in  the  range  of  angle 

of  incidence  0'  -  1S°.  The  Reynolds  number  were;  Rei=27. 05-10^  and  Rei=13.53-10^  for 
and  Re,=35.1210^  and  Rei=8.3S10^  for  M^=3.  The  laser  sheet  plane  coincides  with 
the  plane  perpendicular  to  the  wind  tunnel  axis  at  the  relative  length  X'  ~  X I  b^-  0.65  from 
the  nose  of  the  model.  While  changing  the  angle  of  incidence,  the  laser  sheet  plane  was 
rotated  by  the  corresponding  angle. 

The  main  task  of  the  tests  was  to  clarity-  the  possibility  of  obtaining  the  images  of  good 
quality  at  different  regimes  of  the  flow,  adjusting  the  grabber  and  camera  parameters  and 
changing  the  water  flow  rate  at  the  rate  of  the  experiment.  For  each  regime  and  system 
parameters  three  frames  were  grabbed.  This  allowed  one  to  control  the  image  quality  and 
excluded  the  probability  of  losing  data  in  case  of  a  system  failure. 

Further,  figures  5,  6  show-  some  images  grabbed.  It  should  be  noted  that  adjustment  of  the 
electronic  system  parameters  and  the  water  mass  flow  rate  allowed  one  to  obtain  good  quality' 
images  for  all  flow  regimes.  The  quality  of  tiie  printed  images  is  worse  than  original  ones  and 
depends  on  the  printer  used  (HP  Laser  Jet  5L  in  our  case).  For  example,  in  fig.6,  the  X- 
struciure  looks  less  clear,  than  in  the  original  image. 
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TSN'IIMASH.  Korolew  Moscow  region,  Russia 


INTRODUCTION 

For  calculating  exnernal  hypersonic  flows  in  a  continuous  approach  a  model  of  the 
viscous  shock  layer  (VSL)  and  less  often,  in  view  of  rather  large  computing  costs,  the  full 
Navier- Stokes  equations  fNS)  are  frequently  used  The  equations  in  the  VSL  model  are 
received  from  the  set  of  N.S  equations,  in  which  the  terms  up  to  the  first  order  inclusively  on  the 
small  parameter  c  -  1  Re,  (Re^  -  Reynolds  number  defined  with  parameters  in  a  shock  layer) 

are  saved  and  contain  terms  of  both  the  Euler  and  boundary  layer  equations  The  shock  wave  in 
the  VSL  model  is  considered  as  an  indefinitely  thin  front,  on  which  the  so-called  generalized 
Rankine-Hugoniot  conditions  are  satisfied,  which  are  obtained  by  an  integration  of  the  one¬ 
dimensional  NS  equations  across  a  shock  wave,  neglecting  longitudinal  gradients  of  parameters 
along  the  shock  The  VSL  model  w'ell  predicts  flows  at  large  Re.  when  the  appro>umation  of  a 
boundarv-  layer  is  true,  and  the  shock  wave  is  thin  However,  at  approximately  Re,  <1000  (Re, 
defined  with  parameters  in  the  free  stream)  the  thicknesses  of  a  boundary  layer  and  a  shock 
become  comparable  with  the  size  of  a  shock  layer.  For  hypersonic  flow  of  thermo-chemical 
nonequilibrium  gas  the  approximation  of  a  thin  shock  in  the  VSL  model  leads  to  omitting  an 
upstream  part  of  a  shock  wave,  where  chemical  reactions  can  begin  Therefore,  the 
determination  of  applicability  bounds  of  the  VSL  model  is  of  interest  by  comparing  its  results 
with  that  of  the  full  NS  equations  It  is  necessary  to  note,  that  the  validity  of  the  NS  equations 
at  small  Re  requires  a  research,  however  this  problem  is  beyond  the  frame  of  the  present  work. 

NUMERICAL  METHODS  AND  RESULTS 

In  the  literature  there  are  some  varieties  of  the  VSL  model,  distinguishing  by  terms  of 
the  second  order  of  the  parameterf-  In  this  work  the  set  of  \^SL  equations  presented,  for 
example,  in  [1]  is  used.  For  solving  the  NS  equations,  cast  in  conservative  form,  an  implicit 
iterative  scheme  described  in  [2]  was  used.  For  numerical  stability  the  artificial  dissipation  was 
added  in  the  finite  difference  equations  at  Re:,>1000  [see  e  g.  3]. 

The  computational  region  is  bounded  by  a  body  surface  (hereafter  only  a  sphere  is 
considered),  a  symmetry  axis,  inward  (external)  and  outward  boundaries  (for  a  sphere  -  ray  of 
90  degrees).  At  solution  of  the  NS  equations  a  shock  wave  was  captured,  therefore  external 
boundary  was  put  far  enough  from  a  body,  so  that  the  condition  of  undisturbed  free  stream  was 
valid.  For  the  VSL  equations  the  generalized  Rankine-Hugoniot  conditions  were  used  on  a 
shock  wave  The  velocity  and  temperature  wall  slip  conditions,  which  are  necessary  to  take  into 
account  at  low  Re,  are  as  follows  (for  perfect  gas): 
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Where  the  index  ,  means  the  value  of  a  parameter  on  the  external  boundary  of  the  Knudsen 
layer,  k  -  curvature,  S,  a  -  accommodation  coefficients,  which  in  all  presented  calculations 
were  equal  1 . 

In  Fig.  1  the  experimental  data  on  heat  flux  in  terms  of  the  dependence  of  Stanton 
number  St=qw/[p«)Uot)Cp{To-Tw)]  from  Reynolds  number  Reo=PooUa)R/|io  are  represented,  where 
Po<„U«>  -  density  and  velocity  of  a  free  stream,  R  -  radius  of  a  sphere,  (po  -  viscosity  calculated  at 

the  total  temperature  To).  In  an 
experiment  [4],  carried  out  in 
TSAGI,  heat  flux  was  measured 
at  the  stagnation  point  of  a  sphere 
on  two  models  in  a  range  of  Re© 
from  0.36  (Re«>=20)  to  606  (Re«o= 
5x10"^).  The  value  of  heat  flux  q^ 
was  obtained  with  the  help  of 
semiconductor  calorimetric 
gauge.  The  accuracy  of 
experimental  results  was 
approximately  10%.  The  Mach 
number  varied  from  20  to  30 
at  constant  value  of  the 
temperature  factor  TJTo  =  0.18. 
The  tests  were  conducted  in  an 
air  at  total  temperature 
To=1600K,  therefore  it  is  possible 
to  consider  gas  perfect  in 
experimental  conditions.  In  the 
same  figure  the  numerical  data  obtained  with  both  theoretical  models  (VSL  and  NS)  at  Mach 
number  Mao=20  are  also  represented.  It  is  visible,  that  there  is  a  rather  good  agreement  between 
experimental  and  numerical  data  down  to  value  Reo=3  (Reoo=170,  Kn^  -  /Re„  = 

0.174). 

To  compare  solutions  of  the  full  Navier-Stokes  equations  and  the  viscous  shock  layer 
model  for  thermo-chemical  nonequilibrium  flows  calculations  were  made  for  a  front  part  of  a 
sphere  of  a  radius  R  =  0,1524m  at  the  conditions  of  flight  experiment  RAM-C  [5].  Three  points 
of  trajectory  in  a  transient  regime  were  selected,  their  parameters  are  listed  in  Table  1.  The 
Reynolds  and  Knudsen  numbers  in  the  table  are  calculated  using  the  radius  of  a  sphere.  It  was 
supposed,  that  the  ionized  chemically  reacting  air  consists  of  eight  components:  N2,  O2,  NO,  N, 
O,  N2'^,  NO"^  and  e‘,  At  calculation  of  vibrational  temperatures  of  molecules  of  nitrogen  Tv,n2 
and  oxygen  Tv,02  only  the  excitation  of  vibrations  by  impacts  of  heavy  particles  (V-T  exchange) 
was  considered,  the  exchange  of  vibrational  energy  between  N2  and  O2  (V  '  -V  exchange)  was 
not  taken  into  account. 


Fig.1  Stagnation  heat  flux  for  sphere, 
M=20,  To=1621K.  JJTo=OAS,  y=1.4 
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Tablet 


Re. 

KiL, 

84 

1000 

7.65 

88 

470 

7.65 

300 

92 

230 

0.183 

7.65 

300 

It  was  supposed,  that  the  molecules  N2  and  O  arise  and  disappear  in  chsmical  mctioos  with 
their  mean  vibridional  energies.  The  Schmidt  numbers  were  considered  constant  and  equal 
Sc=0.7S  for  neutral  particles  and  Sc=0.37S  for  charged  ones.  The  Prandd  number  was 
assumed  constant  Pr=0.71  at  Navkr-Stokes  conqaitations,  but  it  was  calailated  at 
computations  using  the  viscous  shock  layer  model.  However,  calculations  have  riiown,  that  at 
these  conditions  the  Prandtl  number  does  not  vary  considerably.  The  wall  is  considered 
noncatalytic  for  neutral  particles  -  =  0,  and  for  charged  particles  the  condhion 

Qims  -  0  specified.  For  a  tangenfial  velocity  and  translational  temperature  on  a  body 

surfoce  the  slip  condition  and  temperature  jump  were  used.  At  the  definition  of  vintional 
temperatures  at  the  wall  the  absence  of  an  accommodation  of  vibrational  energy  was  —*»"****, 
vdiich  is  equivalent  to  a  condition  ^Tyj^jdn)^  =0.  The  system  of  chemical  reactioos  is 
pr^ented  in  Table  2: 


Rate  constants  ef  chemical  reactions  Table! 


Reactions 

Af 

Bf 

Cr 

Ar 

El 

■9 

1 

02  +  Mi«0  +  0  +  Mi 

59400 

3.1x10" 

BS 

0 

2 

Nj  +  Mi-N  +  N  +  Mj 

5.8x10" 

19 

113200 

3.1x10" 

eg 

0 

3 

N0  +  M3»N  +  0  +  M3 

1.2x10” 

75500 

2.9x10* 

-1.0 

0 

4 

O  +  Ni  “N  +  NO 

2.0x10“ 

mm 

38000 

4.4x10" 

0 

5 

O  +  NO  -N  +  O2 

2.8x10* 

1.0 

20000 

1.1x10" 

1.0 

4000 

6 

O  +  N  “NO*  +  e 

16x10" 

32200 

6.7x10*' 

-1.5 

0 

7 

N  +  N  -N,*  +  e 

4.4x10“ 

B| 

67500 

1.5x10" 

-1.5 

0 

Matrix  of  catahtk  activities 

0 

02 

N 

N2 

NO  1 

Ml 

2.5 

■1 

0.25 

0.25 

M2 

0.5 

eg 

4 

1 

la 

M3 

20 

1 

20 

1 

20  1 

The  results  of  calculations  using  the  Navier-Stokes  equations  (NS,  solid  lines)  and  the 
viscous  shock  layer  model  (VSL,  maricers)  for  altitude  84  km  (Re»  ”=1000)  along  a 
symmetry  axis  are  shown  in  Fig.2a.  Here  the  comparison  of  the  profiles  of  tmsliliooal  and 
vibrational  temperatures  of  nitrogen  and  oxygen  molecules  for  the  two  foeoretkal  "MvHt  is 
givra.  In  the  same  figure  the  profiles  of  mass  concentrations  of  neutral  (O,  NO)  and  dnrged 
(NO^  partides  are  also  depicted.  The  concentration  profiles  of  other  chea^  species  have  a 
similar  type  and  therefore  are  not  shown.  From  the  presented  figure  it  is  seen  that  the  size  of  a 
perturbed  region,  predicted  by  the  NS  equations,  is  more  than  two  times  larger  dam  the  ibodk 
layer  thickness  in  the  calculation  with  the  VSL  model.  However,  in  the  diock  hqfer  by  a 

shock  wave  in  the  VSL  model,  there  is  a  rather  good  (to  within  several  percents)  agreement  of 
results  for  all  compared  parameters.  This  similaiity  of  profiles  holds  along  the  whole  whuhwBd 
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FIg.2a.  Flow  paramotors  along  symmetiy  axis  of  sphara 
oblainad  using  NS  aquations  (Hnas)  and  VSL  modal  (markars) 
at  oondWons  of  axparimant  RAM^  H«84km.  V»7650m/c. 
R»0.1524m,  Ra»1000 
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fHQ.2b.  Flow  Daiamatafs  at  75*  anola  on  sohara  oblainad 
using  NS  aquations  (Nnas)  and  VSL  modal  (markars)  at 
oondMons  of  axparlrnant  RAM-C  H*84km,  V«76S0m^ 
R>0.1524m.  Ra-1000 
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Fig. 3.  Flow  parameters  along  symmetry  axis  of  sphere  at 
conditions  of  experiment  RAM-C  H=88km,  Re=470 


Fig.4.  Flow  parameters  along  symmetry  axis  of  sphere  at 
conditions  of  experiment  RAM-C  H=92km,  Re=230 
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part  of  a  sphere,  which  is  illustrated  in  Fig.2b,  where  the  profiles  of  the  same  flow  parameters 
on  a  comer  75  degrees  are  presented. 

The  comparison  of  the  profiles  of  temperatures  and  concentration  calculated  with  the 
NS  equations  and  the  VSL  model,  at  the  altitude  of  88  km  (Re«=470)  along  the  symmetry  axis 
is  presented  in  Fig.  3.  As  can  be  seen,  at  his  altitude  the  results  of  calculations  with  the  two 
models  also  rather  well  coincide  with  each  other.  The  greatest  discrepancy,  approximately  15 
%,  is  observed  for  mass  concentration  of  atomic  oxygen,  the  values  obtained  with  the  use  of 
the  NS  equations  exceeding  that  of  the  VSL  model.  It  can  be  explained  by  the  fact  that  at 
calculations  with  the  Navier-Stokes  equations  a  dissociation,  as  well  as  other  chemical  and 
relaxation  processes,  in  a  shock  wave  begin  earlier,  than  in  the  VSL  model,  where  the  thermo¬ 
chemical  processes  at  the  obtaining  of  the  generalized  Rankine-Hugoniot  conditions  are 
assumed  frozen.  Higher  values  of  parameters  at  calculation  with  the  NS  equations,  though  not 
so  noticeable,  are  observed  also  for  the  concentrations  of  NO,  NO^  and  the  vibrational 
temperature  of  O2  (the  latter  results  in  additional  increase  in  a  dissociation  of  oxygen).  The 
similar  coincidence  of  results  obtained  with  the  two  models,  is  observed  along  all  windward 
side  of  a  sphere  (not  shown  for  brevity). 

Absolutely  other  situation  takes  place  at  the  altitude  of  92  km  (Re«=230)  -  Fig.4 
(symmetry  axis).  Unlike  the  two  previous  altitudes,  84  and  88  km,  in  this  case  the  calculation 
with  the  NS  equations  gives  considerably  smaller  values  in  comparison  with  the  VSL  model  of 
both  vibration^  temperatures  and  concentrations  of  chemical  species.  The  difference  between 
parameters  calculated  with  the  two  models,  is  increasing  from  temperatures  to  concentrations, 
which  is  connected  to  the  step  character  of  thermo-chemical  processes  in  a  shock  layer.  The 
underestimation  of  vibrational  temperatures  leads  to  smaller  values  of  dissociation  rates  of  O2, 
N2  and  accordingly  of  concentrations  of  N,  0  and  NO.  This  in  turn  results  in  the  decrease  of 
concentrations  of  ions  NO"^  and  N2^,  formed  in  the  reaction  of  associative  ionization. 

From  the  presented  results  it  is  seen,  that  for  the  heat  flux  at  stagnation  piont  of  a 
sphere  (perfect  gas)  the  VSL  model  gives  values  consistent  with  that  of  the  NS  equations 
down  to  the  Reynolds  number  Reoo«200.  For  the  calculation  of  main  flow  parameters  (static 
and  vibrational  temperatures,  concentrations  of  neutral  and  ionized  species)  in  a  shock  layer  on 
a  windward  side  of  a  sphere  at  hypersonic  flow  of  a  chemically  reacting  air  it  is  possible  to  use 
the  VSL  model  down  to  Reoo«500. 
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The  problems  of  potential  incompressible  flow  over  a  thin  weakly  curved  finite-span 
wing  can  be  considered  as  problems  of  the  flow  over  a  lifting  vortex  surface  rigidly 
bound  with  the  wing  and  a  free  vortex  surface  simulating  tangential  discontinuities 
outside  the  wing.  The  velocity  potential  ^(x,  y,  z)  of  the  flow  disturbed  by  these 
surfaces  satisfies  the  Laplace  equation.  In  the  linear  formulation,  the  conditions  on 
the  wing  surface  and  on  the  free  vortex  surface  are  shifted  to  the  basic  plane  »;  =  0 
slightly  different  from  the  wing  surface  (Fig.  1).  For  the  Laplace  equation  we  have 
the  Neumann  problem  when  the  governing  function  in  the  plane  77  =  0  is  a  normal 
derivative  of  velocity  potential  d^jdy.  The  solution  can  be  represented  as  a  simple 
layer  potential 

JJ  ^  =  \/(*-f)’  +  (2-C)’  +  »’. 

tj=0 

Another  possibility  is  a  Dirichlet  problem  when  the  governing  function  is  a  potential 
of  ^  in  the  plane  =  0 

=  (f)  =-»[(*-{)’  +  (- -C)'  +  y’p.  (1) 

»j=0  <7  /- 

One  more  variant  is  a  mixed  problem  when  the  governing  function  is  8^ /dy  on  one 
part  of  the  pl2aie  77  =  0  and  ^  on  the  other  part. 

In  the  problems  of  the  finite-span  wing  theory  for  a  subsonic  flow,  when  the  re¬ 
gions  of  formulation  of  the  boundary  conditions  is  the  entire  plane  7/  =  0,  possible 
formulations  of  the  boundzu'y  conditions  are  considered  when  the  problem  is  stated. 

The  use  of  a  double-layer  potential  (1),  where  the  solution  is  written  in  terms  of 
the  function  makes  it  possible  within  the  framework  of  the  linear  theory  to 

formulate  the  problem  of  the  flow  over  a  wing  in  terms  of  the  loads  acting  upon  the 
wing.  The  problems  of  finding  the  wing  surface  shape  from  a  given  load  were  called 
inverse  problems  of  wing  aerodynamics. 

After  term-by-term  integrating  the  double  layer  potential  (1)  with  respect  to  the 
variable  f,  taking  into  account  that  ($)„=o  =  0  at  infinity  and  that,  according  to  the 
linearized  Bernoulli  equation,  on  the  wing  surface  S 

({,C)€5, 
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where  Ap  is  the  pressure  difference  on  the  wing  surface  zmd  Ap  =  0  on  the  remaining 
part  of  the  plane  rj  =  0  outside  the  projection  on  wing  S  onto  this  plane,  we  can 
transform  this  potential  into  [1] 


4  (/  % "  Kz  -  <)’  +  y^]  ^  r  }’ 

when  the  integration  is  performed  only  over  the  region  of  wing  projection  S  onto  the 
plane  r;  =  0.  The  derivative  of  the  potential  $3  with  respect  to  the  parameter  y  is 


=  — — 
AnpUc 


Sifi=0)  00 


(2) 


For  y  =  0  the  derivative  (^3y)v=o  is  a  normal  velocity  component  on  the  basic  plane 
=  0,  and  for  points  (x^z)  €  5  it  describes  the  wing  surface  shape  [1,  2] 


(3) 


S{v=0) 


The  gas  dynamic  source  ( J  ^  dfl  has  a  strong  singularity  {z  —  C)~^>  For 

points  (a;,  ar)  €  5  the  singular  integral  in  the  right-hand  side  of  formula  (3)  exists  only 
in  the  sense  of  Hadamard.  To  obtain  the  solution  in  the  class  of  bounded  functions, 
it  is  necessary  to  decrease  the  power  of  singularity  of  the  integral  operator  in  (3)  by 
posing  additional  conditions  onto  the  smoothness  of  the  specified  load  Ap(f ,  C)  on  the 
wing.  The  order  of  singularity  of  the  integral  operator  of  the  derivative  (^3y)vsso  can 
be  decreased  by  term-by-term  integration  of  the  operator  in  (2)  with  respect  to  the 
variable  f: 


^3y 


where  ApJ  is  the  derivative  of  the  wing  loads  in  the  crossflow  direction,  and  (  =  /(f) 
is  the  equation  of  the  wfng  contour  L  in  the  plane  7;  =  0.  For  y  =  0 
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(4) 


(^-o  +  ^(x-ep  +  (z-c)^ 

(x-()(z-Q 


(x,  z)  €  S. 


The  gas  dynamic  source 


entering  into  integral  operators  of  formula 


(4)  has  a  Cauchy  kernel  singularity  in  two  directions:  ((x  —  —  C))“^-  Integrals  with 

kernels  of  this  type  exist  in  the  sense  of  the  main  value  in  the  class  of  bounded  functions 
under  the  conditions  of  continuity  of  the  weight  functions  Ap,  Ap^  in  the  region  of  their 
determination. 

Let  us  consider  some  examples  of  constructing  the  finite-span  wing  surfaces  accord¬ 
ing  to  formula  (4).  Apart  from  the  requirement  that  the  pattern  of  prescribed  loads 
should  be  physical,  it  is  necessary  that  the  analytical  description  of  these  loads  and 
the  wing  contour  be  so  simple  that  all  integrals  are  ” taken”  up  to  the  end,  and  the 
solution  is  written  analytically  in  terms  of  elementary  functions.  This  is  a  complex 
and  labor-consuming  process.  The  solutions  are  not  written  in  this  paper,  only  their 
principal  properties  are  discussed,  and  examples  of  the  terms  of  solution  corresponding 
to  integrand  singularities  are  presented. 

The  solution  of  the  problem  of  the  perfect  fluid  flow  over  a  lifting  surface  leads  us 
to  a  flow  regime  with  infinite  velocities  of  some  sections  of  the  contour  L,  where  the 
shock-free  condition  is  not  set.  In  a  real  flow,  high  gradients  of  flow  parameters  lead  to 
flow  stall  on  these  edges  and  vortex  sheet  formation.  The  appearance  of  vortex  sheet 
involves  an  increase  in  drag  and,  finally,  a  decrease  in  the  lift-to-drag  ratio  of  the  wing. 
Designing  of  a  wing  surface  with  shock-free  edges  makes  it  possible  to  decrease  the 
inductive  drag  of  the  wing.  The  conditions  of  zero  load  on  the  edges  (Ap)l  =  0,  which 
is  the  condition  of  shock-free  edges,  can  be  satisfied  assuming  that  the  vortex  surface 
of  the  wing  S  is  extended  as  a  free  vortex  sheet  shed  from  the  edges  of  the  wing  L. 
The  condition  of  shock-free  edges  can  be  fulfilled  without  vortex  sheet  shed  from  the 
edges,  if  a  smooth  incoming  and  outgoing  flow  is  organized  at  the  edges  by  means  of 
surface  deformation  (Fig.  2). 

Thus,  equation  (4),  which  describes  the  wing  surface  under  the  condition  of  shock- 
free  edges  (Ap)l  =  0,  can  be  written  as 


(«3„)v=0 


1  jj  Ap{  -  0  +  \/(^  -  + (^  -  c)^ 


S{v=0) 


(x  -  f)(2  -  C) 


d(d(,  (5) 


(x,2:)  e  S  L. 

In  the  region  of  wing  projection  S  onto  the  plane  ?/  =  0  we  specify  the  load  on  the 
wing  Ap(f,C),  (^,  ()  £  S  L.  Outside  the  wing  projection  S  onto  the  plane  =  0,  we 
obtain  Ap  =  Ap^  =  0. 
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Wing  with  rectangular  planform 

Wing  1:  0  <  f  <  5,  -a  <  C  <  a,  Ap  =  (a»  -  C’)f(6  -  0,  ApJ  =  -2Cf(6  -  f) 
(Fig.  3).  The  condition  (Ap)£,  =  0  is  valid  for  the  entire  contour  L.  The  condition  of 
continuous  junction  of  the  quantity  on  the  wing  S  with  its  value  Aj/^  =  0  outside 
the  projection  S  is  fulfilled  on  the  leading  and  trailing  edges  =  0,  while 

on  the  side  edges  (Ap^)(s:±a  =  —  0*  discontinuity  in  initial  data  leads, 

after  ”  taking”  all  integrals  according  to  (5),  to  appearance  of  terms  with  logarithmic 
singularity  of  the  quantity  (^^)y=o  ^In 

Wing  2:  0  <  f  <  6,  -a  <  C  <  a,  Ap  =  Aj/^  =  -4C(a^- 

(Fig.  4).  The  conditions  (Ap)l  =  0,  (ApJ)l  =  0  are  valid  for  the  entire  contour  I, 
which  ensures  the  condition  of  continuous  junction  of  initial  data  in  the  region  S  L 
with  initial  data  of  the  remaining  portion  of  the  plane  r;  =  0.  The  wing  geometry  is 
described  in  the  class  of  bounded  functions,  according  to  (5).  The  integrand  singu¬ 
larities  in  the  solution  after  ”  taking”  all  integrals  correspond  to  the  terms  of  the  form 
z{a^  —  z^)\n  which  take  finite  values  both  on  the  side  edges  and  on  the  leading 
and  trailing  edges. 

Delta  wing:  0  <  f  <  6,  -Arf  <  C  <  A;f ,  Ap  =  -  C')(6  -  f).  M  =  “2C(6  -  f) 

(Fig.  5).  The  condition  (Ap)j:,  =  0  is  valid  for  the  entire  contour  L.  The  condition 
(ApJ)l  =  0  is  fulfilled  on  the  trailing  edge,  and  (Ap^)^=±fc^  =  :f 2fcf(6  —  f)  on  the  side 
edges.  This  discontinuity  in  initial  data,  contrary  to  the  same  discontinuity  on  the 
side  edges  of  the  rectangular  wing  1,  does  not  lead  to  the  appearance  of  singularities 
of  the  quantity  (^3y)y=o  after  all  integrals  are  "taken”.  This  is  explained  by  the  fact 
t^t  for  a  rectangular  wing  the  limits  of  integral  (5)  are  constants,  and  one  integration 
with  respect  to  (  does  not  eliminate  the  Cauchy  singularity,  but  reduces  it  to  a  log¬ 
arithmic  one.  In  the  case  of  delta  wing,  the  integration  limits  of  the  internal  integral 
are  variable,  which  leads  to  additional  smoothness  of  the  singuWity  under  external 
integration.  The  integrand  singularities  in  the  solution  correspond  to  the  terms  of  the 
ioim  z{kb±  2r)^ln(A:6±  z),  z*lnz. 
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HYDROGEN  JET  COMBUSTION  IN  CONFINED  AND  UNCONFINED 
SUPERSONIC  AIR  FLOW 


V.A.Zabaikiii,  P.K.Tretyakov,  C.Bniiio* 
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630090,  Novosibirsk,  Russia 
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The  efficiency  of  diffusion  combustion  of  Hi  in  an  unconfmed  high-temperature 
supersonic  flow  is  compared  with  pseudo-shock  combustion  regime  in  a  constant-area 
duct. 

It  is  shown  that  the  control  of  combustion  characteristic  (ignition  delay,  flame 
length,  combustion  process  evolution)  of  diffusion  flame  is  possible  with  the  use  of 
various  actions  (chemically  active  and  inert  additions,  enhancement  of  mixing  etc.). 
Nevertheless,  under  the  conditions  of  constant  flow  parameters  (Mach  number, 
temperature)  the  combustion  process  in  the  duct  develops  more  intensively  (on  a  smaller 
length)  with  the  realization  of  a  pseudo-shock  mechanism  of  combustion,  which  can  be 
explained  by  mixing  improvement  owing  to  gas  dynamic  effects. 

It  is  known  [1]  that  the  length  of  a  turbulent  diffusion  flame  of  combustible  gas  in 
a  co-current  oxidizer  flow  depends  on  numerous  factors:  relative  speed  of  the  co-flow, 
relative  density  of  the  co-flow,  gas  type,  turbulence  intensity,  thickness  of  injector 
nozzle  thickness,  etc.  Yu.A.  Aimushkin  and  his  collaborators  recommended  criterial 
dependences  for  determining  the  flame  length,  which  were  obtained  on  the  basis  of 
experimental  study  of  the  diffusion  characteristics  of  combustion  of  various  fuels. 
Recommendations  are  given  in  his  papers  for  the  calculation  of  combustion  chambers 
for  rocket  ramjets  with  multinozzle  injection  of  combustible  gas  on  the  basis  of  using  an 
appropriate  diffusion  mechanism  of  combustion.  It  is  possible  to  note  one  important 
feature  of  this  methodology,  which  is  based  on  an  experimental  fact.  The  complete 
combustion  of  fuel  requires  the  amount  of  oxidizer  (air)  higher  than  the  stoichiometric 
ratio  by  more  than  2.5-2.8  times.  The  combustion  efficiency  in  the  combustion  chamber 
of  rocket  ramjet  (completeness  of  combustion)  is  determined  by  the  ratio  of  it  length  to 
the  length  of  diffusion  flame  in  the  duct  (providing  an  equal  "access'*  of  the  air  to  each 
nozzle  of  the  fuel  block)  and  the  total  air-to-fuel  equivalence  ratio.  The  correctness  of 
this  approach  is  proved  by  good  accordance  between  the  completeness  of  combustion 
calculated  by  that  method  with  experimental  data  for  axisymmetric  ramjets  for  flow 
parameters:  7oafr=  1000+ 1200  K;  7bH2=600+1500  K;  free-stream  Mach  number 
M=3.0+5.0  [2,3]. 

The  study  of  diffusion  combustion  in  the  free  stream  is  more  accessible  in 
comparison  with  the  investigation  in  the  duct  from  the  viewpoint  of  application  of  a 
larger  number  of  diagnostic  methods.  In  particular,  the  optical  method  of  radiation 
registration,  as  was  shown  in  many  works  (for  example,  [4])  can  be  used  to  analyze  the 
combustion  efficiency. 

The  objective  of  the  present  work  is  to  compare  the  efficiency  of  control  of  the 
hydrogen  diffusion  flame  with  combustion  in  a  co-current  high-enthalpy  supersonic  air 
stream  with  combustion  in  the  duct  under  the  conditions  of  pseudo-shock  regime. 

The  experiments  were  conducted  in  a  facility  with  an  arc  heater  [5]  at  constant  flow 
parameters:  M=2.2,  ro=2000+2200  K,  air  nozzle  diameter  50  mm.  Hydrogen  was 
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Fig.l.  Scheme  of  experiments.  1  -  supersonic  air  nozzle,  2  -  additions,  3  -  flame. 

injected  coaxially  to  the  air  stream  through  the  nozzle  with  diameter  of  10  mm  (Fig.l). 
Both  active  (H2,  H2O2)  and  passive  (CO2,  H2O)  additions  were  injected  usually  in  the 
plenum  chamber  at  a  distance  of  220  mm  from  the  hydrogen  injector. 

A  regime  with  hydrogen  mass  flow  rate  3  g/s  and  stagnation  temperature  7o=2000 
K  of  the  air  stream  was  chosen  as  a  basic  one.  In  this  regime  there  exists  a  steady 
Ignition  delay  on  the  shock  waves  in  a  supersonic  air  stream  [6].  In  accordance  with 
that,  any  effect  on  the  flame  is  well  observed  (by  changing  of  the  ignition  point). 

An  optical-mechanical  scanner  used  in  experiments  recorded  the  distribution  of 
radiation  of  OH-radicals  along  the  flame  length,  which  yielded  information  about  the 
heat  release.  The  use  of  the  technique  suggested  in  [4]  allowed  one  to  obtain  the 
combustion  efficiency.  Figure  2  (curve  1)  shows  the  H2  combustion  curve  behavior  on 
the  basic  regime.  In  this  case  the  ignition  takes  place  at  150  mm  from  the  nozzle  exit 
(injection  of  H2  into  the  stream),  and  the  flame  length  reaches  325  mm. 

An  addition  of  chemically  active  agents  (for  example  H2O2)  to  the  fuel  can  have  an 
effect  on  the  ignition  delay  and  the  time  of  chemical  reactions.  It  is  shown  numerically 


Fig.2.  Completeness  of  combustion  (combustion  efficiency).  1  -  main  regime,  2  -  +H2  injected  into 

plenum,  J-+CO2  injected  into  plenum. 
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in  [7,  8]  that  an  addition  of  H2O2  in  amounts  less  than  10  vol.%  to  a  methane-air 
mixture  with  initial  temperature  of  1200+2025  K  decreases  considerably  the  ignition 
delay.  The  ignition  of  H2  in  a  co-current  supersonic  air  flow  (M=2,  r<1400  K)  can  be 
achieved  by  burning  part  of  hydrogen  in  the  plenum  chamber  or  by  introduction  of  10% 
hydrogen  peroxide  to  the  fuel.  Pure  hydrogen  did  not  ignite  under  these  conditions.  It  is 
noted  that  OH  and  H  radicals  have  a  strong  effect  on  the  acceleration  of  chemical 
reactions. 

Experiments  with  active  additions  injected  to  the  plenum  chamber  really  showed  a 
significant  decreasing  of  ignition  delay.  Figure  2  (curve  2)  shows  the  combustion  curve 
for  the  case  of  injection  of  a  small  amount  of  H2  to  the  plenum  chamber  (H2O2  has  a 
similar  effect).  The  ignition  delay  is  practically  absent  here,  beginning  with  H2  addition 
^.1  g/s.  But  the  flame  length  increases,  i.e.,  the  speed  of  heat  release  is  lower  here.  This 
is  explained  by  the  mixing  factor  effect.  The  mixing  of  H2  with  the  air  under  parallel 
coaxial  injection  occurs  very  slowly  [8].  Active  additions  affect  only  the  kinetic  aspect  of 
the  process,  but  not  the  mixing  speed. 

The  injection  of  passive  additions  does  not  change  the  character  of  heat  release.  It 
is  seen  from  Fig.  2  (curve  S)  that  the  addition  of  CO2  (mass  flow  rate  «15  g/s)  leads  only 
to  flame  displacement  and  does  not  change  its  length.  The  influence  of  CO2  (or  H2O) 
injection  was  analogous  to  decreasing  the  temperature  of  the  air  stream  [9], 

The  analysis  of  duct  flow  was  made  for  identical  conditions  for  H2  and  air  stream 
parameters,  like  in  the  case  of  unconfmed  flow.  The  calculations  were  based  on  the 
technique  described  in  [10].  The  calculations  are  performed  without  taking  into  account 
the  heat  transfer  to  the  wall,  which  (as  was  shown  by  the  estimates)  does  not  lead  to 
principle  changing  of  the  result. 

The  highest  possible  heat  amount  which  can  be  brought  to  a  constant-area  duct  is 
defined  by  the  flow  crisis  (''thermal"  choking).  In  this  case,  the  flow  velocity  (mean  mass 
flow  rate)  equal  to  the  speed  of  sound  is  established  in  a  certain  cross-section  of  the 
duct.  It  is  easy  to  show  (see  [10])  that  the  static  pressure  in  this  section  equals  (with 
accuracy  to  friction  losses)  a  half  of  pressure  difference  in  the  constant  total 
temperature  pseudo-shock  pM=i=(Pi+Pe)/2.  (It  follows  from  momentum  and  continuity 
equations  applied  to  one-dimensional  examination  of  the  flow  with  heat  supply.)  On 
the  basis  of  literature  data  on  the  length  of  constant  total  temperature  pseudo-shock  it 
is  possible  to  construct  the  dependence  of  the  fraction  of  supersonic  deceleration 
portion  of  the  flow  (to  M=l)  from  the  free-stream  Mach  number.  This  dependence  can 
be  described  as  [10] 

^  = -0.02  K+ 0-24  JK- 0.22  (1) 


where  1.0<Mi^4.0,  L  is  the  total  length  of  the  constant  total  temperature  pseudo-shock 
which  can  be  foimd  from 


-  L  AIF 


(2) 


(see  [1 1]),  where  W  is  the  maximum  dimensionless  speed  (Crocco  number),  A  IF  is  the 
difference  of  dimensionless  speeds  at  the  begiiming  and  end  of  the  pseudo-shock,  c  is  a 
constant. 


Otherwise,  L  can  be  found  from  the  empirical  relationship  ([12],  here  St=L): 
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D  is  the  duct  diameter;  ©  is  the  momentum  thickness;  Re  is  the  Reynolds  number 
calculated  by  the  momentum  thickness;  /?a=pi;  p^pz  are  the  pressures  in  the  beginning 
and  in  the  end  of  the  flow  deceleration  zone. 

The  functions  (1)  and  (2  or  3)  can  be  used  to  find  the  flame  length  in  the  duct  with 
the  maximum  heat  supply,  assuming  the  speed  of  chemical  reactions  is  high  and 
corresponds  to  the  speed  of  changing  gas  dynamic  parameters  in  a  decelerated  flow  due 
to  heat  supply.  It  is  shown  in  [13]  that  this  assumption  holds  true  for  hydrogen 
combustion  with  initial  parameters  Mi=2.4  and  roi»1700  K.  Another  experimental 
confirmation  [14]  is  the  universality  of  relative  variation  of  static  pressure  in  the  pseudo¬ 
shock  (p-jPi)/(pe-pi)  against  the  relative  pseudo-shock  length  X  -iX-X\)liXt-X^y  where 
(Xe-Xi)  is  the  pseudo-shock  length,  {X-X\)  is  the  length  from  pseudo-shock  beginning  to 
the  cross-section  with  a  current  value  of  pressure.  Experiments  [14]  testify  that  the 
relative  change  of  pressure  increment  along  the  pseudo-shock  is  the  same  both  for 
hydrogen  combustion  with  different  ways  of  injection  (transverse  injection  jets  or 
annular  jet)  and  without  combustion.  An  curve  is  proposed,  which  approximate  the 
experimental  data: 


-^—^  =  ‘iX-4.2X^  +  yAX^-\.2X*  (4) 

P.-Pi 

A  similar  dependence  is  suggested  in  [15] 

=2X-3X^+3X^  (5) 

P,-P, 

It  is  valid  for  the  entire  Mach  number  range  and  independent  of  the  duct  expansion 
degree. 

Using  any  of  those  dependences  (4,  5)  and  assuming  the  flame  length  equal  to  the 
length  of  the  supersonic  portion  of  constant  total  temperature  pseudo-shock,  it  is 
possible  (using  the  technique  for  determining  the  heat  supply  under  pseudo-shock 
conditions  [10])  to  find  the  heat-release  function  or  the  curve  of  hydrogen  combustion 
in  the  constant-area  duct  for  given  initial  flow  conditions  and  air-to-fuel  equivalence 
ratio  (a).  Certainly,  a  must  be  smaller  than  a*,  where  a*  corresponds  to  the  flow  rate  of 
H2,  whose  combustion  is  sufficient  to  produce  heat  for  realization  of  "thermal 
chocking". 

The  above  procedure  was  used  to  find  the  combustion  length  zone  in  the  duct  with 
diameter  50  mm  (equal  to  the  air  stream  diameter  in  experiments)  and  heat-release  rate 
(for  hydrogen  combustion  on  the  basic  regime  with  diffusion  combustion  in  an 
unconfmed  flow  ^=2.2,  7o=2000  K). 

A  comparative  relative  change  of  the  heat-release  function  is  shown  in  Fig.  3.  The 
longitudinal  coordinate  of  combustion  beginning  in  the  duct  coincides  with  the 
beginning  of  diffusion  combustion  of  hydrogen  on  the  basic  regime.  As  it  follows  from 
the  figure,  the  combustion  in  the  duct  terminates  on  a  smaller  length  and,  thus,  is  more 
intensive.  This  can  be  explained  by  the  influence  of  gas  dynamic  structure  taking  place 
in  the  pseudo-shock,  which  promotes  a  rapid  mixing  of  H2  with  the  air. 

In  conclusion  it  should  be  noted  that  control  methods  of  mixing  and  combustion 
for  fuel  jets  injected  into  an  unconfmed  flow  can  turn  to  be  less  effective  for  combustion 
control  in  ducts.  We  will  also  emphasize  that  in  the  pseudo-shock  combustion  regime 
the  method  of  fuel  injection  is  not  important  for  the  development  of  combustion 
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Fig.3.  Relative  heat-release.  1  -  main  regime,  2  -  +H2,  3  -  +CO2, 4  -  combustion  in  pseudo-shock. 

process.  It  is  necessary,  however,  that  this  regime  developed  from  the  initial  part  of  the 
combustion  chamber. 
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